Reclaiming the Coast Salish The future of immunotherapies | All-day thermoregulatory 
woolly dog pp. 1236 & 1303 for Alzheimer’s disease p. 1242 clothing pp. 1247 &1291 


eo Se ~ ~ ™ $15 
| | bo e f 15 DECEMBER 2023 
| SPECIAL ISSUE 
| | | science.org 
wPpaese : MN AAAS 


ia 
| | 
iin — 


BREAKTHROUGH 
OF THE YEAR 


L023 ceva 


ESIT 
MEETS ITS 


P MATCH 


Blockbuster 
weight loss drugs show 
promise for a wider range of 
health benefits 


By Jennifer 
Couzin-Frankel 
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besity plays out as a private strug- 
gle and a public health crisis. In 
the United States, about 70% 
of adults are affected by excess 
weight, and in Europe that num- 
ber is more than half. The stigma 
against fat can be crushing; its 
risks, life-threatening. Defined as 
a body mass index of at least 30, 
obesity is thought to power type 2 diabetes, 
heart disease, arthritis, fatty liver disease, 
and certain cancers. 

Yet drug treatments for obesity have a 
sorry past, one often intertwined with social 
pressure to lose weight and the widespread 
belief that excess weight reflects weak will- 
power. From “rainbow diet pills” packed 
with amphetamines and diuretics that were 
marketed to women beginning in the 1940s, 
to the 1990s rise and fall of fen-phen, which 
triggered catastrophic heart and lung condi- 
tions, history is beset by failures to find safe, 
successful weight loss drugs. 

But now, a new class of therapies is break- 
ing the mold, and there’s a groundswell of 
hope that they may dent rates of obesity 
and interlinked chronic diseases. The drugs 
mimic a gut hormone called glucagon-like 
peptide-1 (GLP-1), and they are reshaping 
medicine, popular culture, and even global 
stock markets in ways both electrifying and 
discomfiting. Originally developed for diabe- 
tes, these GLP-1 receptor agonists induce sig- 
nificant weight loss, with mostly manageable 
side effects. This year, clinical trials found 
that they also cut symptoms of heart failure 
and the risk of heart attacks and strokes, the 
most compelling evidence yet that the drugs 
have major benefits beyond weight loss itself. 
For these reasons, Science has named GLP-1 
drugs the Breakthrough of the Year. 

In honoring these therapies, we also ac- 
knowledge the uncertainties, even anxieties, 
this sea change brings. We recognize, too, 
that obesity comes with medical and social 
complexities, and that many deemed over- 
weight by others are healthy, and have little 
desire or pressing need to lose weight. 

The GLP-1 story has taken decades to play 
out, and at first fighting fat had nothing to 
do with it. In the early 1980s, researchers 
discovered GLP-1 while investigating dia- 
betes and blood sugar regulation. Years of 
painstaking and sometimes discouraging 
work followed, but gradually the discover- 
ies piled up, illuminating a hormone with 
expansive influence on the body and brain. 
Scientists learned that GLP-1 lowered blood 
sugar in people, and drug companies began 
to explore it as a diabetes treatment. In the 
1990s, it emerged that injecting GLP-1 into 
the brains of rats made them eat less. A 
study of 20 healthy young men found that 
after a hearty breakfast, those getting intra- 
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venous GLP-1 infusions indulged less at a 
lunch buffet than those on a placebo. 

The first GLP-1 drug was exenatide (By- 
etta), approved in 2005 for type 2 diabetes. 
Instead of the human hormone, its backbone 
was, improbably, a similar peptide in the 
venom of a giant lizard, the Gila monster. 
Almost 5 years later Novo Nordisk released 
liraglutide (Victoza), modeled on human 
GLP-1. It, too, was a diabetes drug, but in late 
2014, the U.S. Food and Drug Administration 
blessed it for obesity. 

The drugs didn’t really catch fire until 
2 years ago, when Novo Nordisk’s next it- 
eration, semaglutide, was greenlit for weight 
management in the U.S. (It’s marketed as 
Ozempic for diabetes and Wegovy for obe- 
sity.) Unlike its forerunners, semaglutide re- 
quired an injection just weekly rather than 
once or twice a day. And in a pivotal trial, 
people taking it lost an unprecedented 15% 
of their body weight over about 16 months. 
Many on the drug also describe a dampening 
of “food noise,” the relentless and distressing 
desire to keep eating. 

Since then, the frenzy has only inten- 
sified. According to electronic health re- 
cords, 1.7% of people in the U.S. have been 
prescribed either Wegovy or Ozempic this 
year. (GLP-1 drugs are also approved in Eu- 
rope for weight loss but availability varies.) 
Novo Nordisk’s market value now exceeds 
the gross domestic product of Denmark, its 
home country. “When I look around this 
room I can’t help but wonder: Is Ozempic 
right for me?” quipped comedian Jimmy 
Kimmel at the Academy Awards in March, 
poking fun at speculation over which movie 
stars took the drug. 

But amid the jokes and soaring sales 
lurked a vital question. Could GLP-1 drugs 
actually safeguard health in people with 
obesity? This year brought an answer: yes. 

In August, a trial of 529 people with obe- 
sity and heart failure found that after 1 year, 
people on semaglutide had almost double 
the heart improvement, as measured by a 
standard heart failure questionnaire, and 
could walk an extra 20 meters in 6 minutes 
compared with those in the placebo group. 
That same month, Novo Nordisk announced 
that in a much larger trial of 17,000 people 
with excess weight and cardiovascular dis- 
ease, people on semaglutide had a 20% lower 
risk of fatal or nonfatal heart attacks and 
strokes than those on placebo; the study was 
published in November in The New England 
Journal of Medicine. The trials were the first 
to show in large numbers that GLP-1 drugs 
produced meaningful health benefits beyond 
weight loss itself. Meanwhile, a trial examin- 
ing whether semaglutide delays kidney dis- 
ease progression in diabetes patients showed 
such positive outcomes it was stopped early. 


The reach of GLP-1 drugs is now wid- 
ening in ways its inventors couldn’t have 
imagined. Trials are underway for drug ad- 
diction, after people with obesity and dia- 
betes described less longing for wine and 
cigarettes while on the treatment. Research- 
ers theorize the drugs bind to receptors in 
the brain that mediate desire for other plea- 
sures in addition to food. Clinical trials are 
also testing GLP-1 drugs to treat Alzheimer’s 
and Parkinson’s diseases, based in part on 
evidence they target brain inflammation. 

But medical breakthroughs are rarely 
straightforward, and the ebullience surround- 
ing GLP-1 agonists is tinged with uncertainty 
and even some foreboding. Like virtually all 
drugs, these blockbusters come with side 
effects and unknowns. Complications in- 
cluding nausea and other gastrointestinal 
problems lead some to abandon treatment. 
In September, U.S. regulators updated Ozem- 
pic’s label to indicate a potential risk of intes- 
tinal obstruction, and in October, a Canadian 
team reported an increased chance of that 
complication as well as pancreatitis. 

Doctors also worry about people who aren’t 
overweight or obese turning to the treatment 
to slim down. A 2022 study reporting that 
semaglutide fueled 16% body weight loss in 
teenagers with obesity was met with hope 
but also hand wringing, as it underscored a 
vexing question: Are GLP-1 agonists “forever” 
drugs that people have to take indefinitely to 
preserve weight loss? 

Right now it appears they may be, though 
the jury is still out. Researchers reported 
that 1 year after people stopped therapy, two- 
thirds of their lost body weight returned. For 
researchers who increasingly consider obe- 
sity a chronic condition, the need for ongo- 
ing treatment isn’t surprising. But the drugs’ 
cost can be prohibitive, with a sticker price of 
more than $1000 a month, and the prospect 
of lifelong use troubles many. 

Against this backdrop, the next chapter 
is already unfolding: therapies that mimic 
multiple hormones and appear to be even 
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more slimming. One, Eli Lilly & Co’s tirz- . 


epatide, was approved in the U.S. in No- 
vember for weight loss after being greenlit 
last year for diabetes; a large clinical trial 
reported that those taking it lost up to 21% 
of their body weight. 

As the GLP-1 story continues, one thing 
is clear: These new therapies are reshaping 
not only how obesity is treated, but how it’s 
understood—as a chronic illness with roots 
in biology, not a simple failure of will- 
power. And that may have as much impact 
as any drug. 


VIDEO AND PODCAST 
S GLP-1 insights from the bench to the clinic 


at: https://www.science.org/boty2023 
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At last, modest headway against Alzheimer’s 


Medicine has had little to offer the tens of 
millions of people worldwide with Alzheim- 
er’s disease, and the few approved treat- 
ments have only targeted symptoms. But 

in January, U.S. regulators greenlit the first 
drug that clearly, if modestly, slows cognitive 
decline by tackling the disease’s underlying 
biology; a second, related treatment is close 
behind. Neither comes close to a cure, and 
both have serious risks, but they offer new 
hope to patients and families. 

The brains of people with Alzheimer’s 
hold tangled protein clumps called beta 
amyloid, and for years scientists debated 
whether removing them would help pa- 
tients. Various therapies that did so flopped. 
But the new treatment, an antiamyloid 
monoclonal antibody called lecanemab, 
slowed loss of cognition by 27%, compared 
with placebo, in a pivotal 18-month trial. It 
was enough to persuade regulators in the 
United States and later Japan to approve it. 
In trial results this summer, another anti- 
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body treatment that also targets brain amy- 
loid, called donanemab, slowed cognitive 
decline by as much as 35% versus placebo 
in a slightly different patient population, 
and U.S. approval could come any day. Both 
therapies are given intravenously. 

Although Alzheimer’s researchers, doctors, 
and patients are celebrating, they’re also 
eyeing a dark side: the risk of brain swelling 


New antibody therapies may slow neurodegeneration 
in the brains of people with Alzheimer’s disease. 


and brain hemorrhage from the treatments, 
which in rare cases has been fatal. People 
with a gene variant predisposing to Alzheim- 
er’s, called APOE4, are especially prone to 
this side effect; also potentially at higher risk 
are people with Alzheimer’s who take drugs 
to prevent or dissolve blood clots, including 
those who suffer a stroke and get powerful 
clot busters as emergency treatment. 

As the Alzheimer’s community weighs 
the benefits and risks of antiamyloid drugs, 
it’s also craving more data. One question is 
whether the modest improvement in cogni- 
tive slowdown grows with time on therapy. 
Another is whether these treatments, if 
given early enough to people at high risk of 
disease, can delay symptom onset. 

The new therapies show that amyloid is a 
fruitful target, but they are just the begin- 
ning. In the coming years, scientists hope to 
figure out how to maximize their benefits— 
and find new treatments that work even 
better. —Jennifer Couzin-Frankel 
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Hunt for natural hydrogen heats up 


In 1859, Edwin Drake sank 20 meters of cast-iron pipe into the earth beneath Titusville, 
Pennsylvania, and struck oil, collecting it in a bathtub. The well kicked off the U.S. oil rush 
and changed the world. This year saw the start of another energy rush, this one based on 
hydrogen produced naturally within Earth. Unlike oil the gas could be a tonic, not a toxin, 
for the climate. 

Historians might one day trace its birthplace to another unlikely town: Bourakebougou, 
Mali. In 2012, engineers unplugged a borehole there that had been cemented shut in 1987, af- 
ter a careless cigarette sparked an explosion. The gases it spewed turned out to be 98% hydro- 
gen. A generator was hooked up. Producing only water as exhaust, it supplied the village with 
its first electricity. Curiously, after a decade of withdrawals, gas pressures in the borehole have 
not decreased—a suggestion that a deep source is replenishing the hydrogen. 

Inspired by the discovery, prospectors are now finding signs of significant hydrogen deposits 
on every continent save Antarctica. Venture capital is flowing to startups such as Koloma, 
which came out of stealth mode in July with $91 million in funding, including investments 
from Bill Gates’s Breakthrough Energy Ventures. In September, the U.S. Geological Survey 
(USGS) launched a research consortium with support from Chevron and BP, and the Advanced 
Research Projects Agency-Energy began a $20 million natural hydrogen R&D program. 

That Earth holds any hydrogen at all defies conventional geological wisdom. Because 
hydrogen is energy rich and reactive, researchers thought that in Earth’s crust most of it 
would be eaten up by microbes or converted into other compounds. Its surprising existence 
in so many places has prompted speculation that it leaks up from Earth’s core or is created 
as radioactive elements in the crust split water. But many researchers believe it is generated 
when water reacts with iron-rich minerals at high temperatures and pressures. 

An unpublished USGS study suggests Earth may hold 1 trillion tons of hydrogen—enough 
to satisfy growing demand for hydrogen as a fuel and fertilizer ingredient for thousands of 


years. Some prospectors say extracting it could prove far cheaper than 


Lidar maps of coastal 
North Carolina reveal 
kilometer-wide 
circular depressions 
that may encompass 
seeps of hydrogen. 


Early-career scientists rise up 


For decades, graduate students and post- 
docs have complained about low pay and 
poor working conditions. Their frustration 
took center stage over the past year as 
early-career scientists banded together to 
demand changes in the system. 

Last winter, 48,000 academic workers 
in the University of California (UC) system 
staged the largest academic strike in U.S. 
history, winning sizable pay increases for 
graduate students and postdocs. Such 
collective action has been especially 
pronounced in the United States, but in 
Canada, thousands of academic work- 
ers across the country engaged in a mass 
1-day protest in May to demand increased 


federal funding for graduate students and 
postdocs. And in Germany, early-career 
researchers campaigned for changes to 
postdoc contracts. 

In the U.S., the unionization and strike 
activity has forced many universities to 
agree to increases in pay and other ben- 
efits, including child care allowances and 
improved workplace harassment policies. 
“We're doing this for us, but we’re [also] 
doing this for the people that will come 
after us.” says Alvaro Cuesta-Dominguez, a 
molecular biologist at Columbia University 
and an executive board member of a union 
that negotiated a new contract for the uni- 
versity’s postdocs and associate research- 
ers. “We need to provide better conditions 
for the future generation of scientists.” 

Early-career scientists have also 
put pressure on universities to enact 
changes by voting with their 
feet and leaving academia en- 
tirely. An increasing propor- 


manufacturing “green hydrogen” with renewable electricity, an ap- 
proach supported by billions of dollars in government subsidies. But 
the big question is whether Earth’s hydrogen is concentrated in reser- 
voirs that companies can tap economically. If it is, environmentalists 
may find themselves in the odd position of cheering the roughnecks 
on with cries of “drill, baby, drill!” —Eric Hand 


tion are headed to more lucrative industry 
jobs after graduation, which has left many 
professors in recent years struggling to fill 
vacant postdoc positions. 

Many faculty and university administra- 
tors agree changes are necessary. But it’s 
been challenging to navigate the strain on 
their budgets. Professors, who often pay the 
salaries of early-career scientists out of their 
grants, may be forced to hire fewer graduate 
students and postdocs. 

It remains to be seen whether funding 
agencies will increase grant support to pay 
for salary boosts for early-career scientists. 
In the meantime, some universities have 
moved to help faculty adjust to rising per- 
sonnel costs. Researchers at UC Berkeley, 
for example, hope a combination of short- 
term measures to help professors pay for 
raises and longer term strategic planning 
and budgeting will ultimately lead to an 
ecosystem in which everyone can thrive. 
—Katie Langin 
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Footprints along an ancient lake in New Mexico may have been left 5000 ye; 


eeu eran ® 


ars before archaeologists thought people arrived in the Americas. 


Early peopling of the Americas steps closer to acceptance 


The story of people in the Americas may 
have gained a new first chapter. In the 
prevailing picture, the first arrivals came 
from Asia via the land that once bridged 
the Bering Strait, then traveled down 
the Pacific Coast about 16,000 years ago. 
But this year, researchers came closer to 
confirming a remarkable claim that would 
push that date back at least 5000 years. 
A handful of sites previously hinted 
that people may have made the journey 
earlier than the standard account sup- 
posed. Flaked stones and burned animal 
bones from southern Chile stretch back 
to 18,500 years ago, for example, and 
possible stone tools in a Mexican 
cave date to 26,000 years ago. But none 
offered unambiguous evidence of 
human activity, and most archaeologists 
remained skeptical. 
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In 2021, researchers working in White 
Sands National Park in New Mexico an- 
nounced a potentially paradigm shifting 
discovery: unmistakable human foot- 
prints, left on the muddy shore of an 
ancient lake as early as 21,000 to 23,000 
years ago. The team based those dates 
on seeds from a grassy aquatic plant that 
were found in layers surrounding the 
footprints and dated by radiocarbon. But 
there was room for doubt, because the 
seeds could have absorbed ancient carbon 
from sediments dissolved in the lake 
water, boosting their measured age. So the 
White Sands team redated the footprints 
using pollen from land plants and quartz 
grains embedded in sediments between 
and below the tracks. The new dates line 
up perfectly with the original paper, they 
reported in October. 


If the dates are correct, the prints were 
left at the peak of the last ice age, when 
glaciers covered Canada, suggesting hu- 
mans must have made the journey into the 
Americas before those ice sheets formed. 

The new work has persuaded some ini- 
tial skeptics. Others still wonder whether 
wind or erosion might have deposited 
older sediments on top of the footprints, 
making them appear more ancient than 
they are. But all are eager for more clues 
about the White Sands people, such as 
a hearth or stone tools, which could 
confirm their presence as well as provide 
hints about their culture. This year’s 
redating could spark a re-evaluation of 
other contested sites and will likely send 
archaeologists racing to excavate other ice 
age sediments in search of confirmation— 
or even more surprises. —Lizzie Wade 
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Earth’s carbon pump is slowing 


If the world’s oceans could be said to have a heart, it would 
reside in the Southern Ocean. There, in a few remote regions off 
the coast of Antarctica, salty surface waters plunge to the bottom 
of the ocean. The downgoing water pulls heat, oxygen, and 
carbon dioxide from the atmosphere and sequesters them in 

the abyss, where the water slowly spreads north. It is one of the 
primary components of the global overturning circulation, the 
massive flow that connects all the world’s oceans, helping them 
capture one-third of humanity’s annual carbon emissions. When 
it surges or falters, many researchers believe, this carbon pump 
can amplify climate change. 

This year, several studies made clear the pump is in deep peril. 
The first troubling signs came years ago, notably from Deep Argo 
robotic probes, floats that autonomously roam down to 4000 meters. 
They found that the Antarctic bottom waters were warming and 
their volume was shrinking, both signs the current was slowing, 
allowing warmer waters above to intrude. 

More direct evidence came from a study published in March in 
Communications Earth & Environment and led by U.S. research- 
ers. They fed the sparse record of historical ship measurements 
in the region into a climate model, which showed the circulation 
has slowed by up to 20% since the 1970s. Then, in May, a study 
published in Nature Climate Change, led by Australian scientists, 
used measurements from ships and buoys to show that the flow 
of abyssal water slowed almost 30% from 1992 to 2017. Traditional 
climate models had forecast that the circulation might slow, but 
not for years. The new data indicate that a threat once thought to 
loom in the distance has already arrived. 

There is little certainty so far on why this slowdown has oc- 
curred, how much humanity has driven it, or how it could affect 
climate. But the increased freshwater coming off Antarctica from 
melting ice sheets is likely to be a primary cause, making the 
surrounding waters fresher and less apt to sink. As global warming 
continues, the melting—and the slowdown—are sure to intensify. 
—Paul Voosen 


Dense salty waters from the Weddell Sea help drive the Southern Ocean's deep 
circulation. Antarctic meltwater, however, appears to be slowing this current. 
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The din of giant black 
hole mergers overheard 


This year, astrophysicists picked up signs of a 
faint, long-sought cosmic rumble. It’s the sound 
of gravitational waves from titanic masses in 
motion: supermassive black holes across the uni- 
verse grinding around each other in tight orbital 
pairs. The observation—researchers are wary of 
calling it a “discovery” until they’re certain—is 
both the strongest support so far for the exis- 
tence of these monstrous duos and a powerful 
demonstration of a method that uses signals 
from distant stars to detect gravitational waves. 

Supermassive black holes weighing millions 
or billions of times as much as our Sun reside 
at the heart of galaxies. When galaxies merge, 
their central black holes can end up locked in 
an ever-tightening orbit. The first stages of their 
death spirals are hidden from Earth-bound in- 
struments. But when they approach within a few 
light-years of each other, their circular motion 
emits slow but powerful gravitational waves. 

They can’t be picked up by the Laser Interfero- 
meter Gravitational-Wave Observatory (LIGO), 
which in 2015 detected gravitational waves for 
the first time, from two star-size black holes 
merging (Science’s 2016 Breakthrough of the 
Year). To sense those millisecondslong waves, 
LIGO measured the distance traveled by laser 
beams down 4-kilometer-long vacuum tubes. But 
snaring the yearslong waves produced by super- 
massive black holes requires a far bigger net. 

So astronomers turned to pulsars, burned-out 
stars that spin hundreds of times per second while 
firing out a jet of particles that emit radio waves. 
As that lighthouselike beam sweeps past Earth, 
radio telescopes register pulses as regular as an 
atomic clock. Over the past 2 decades, astrono- 
mers regularly monitored a few dozen of the most 
metronomic pulsars for tiny deviations from their 
rhythm. A passing gravitational wave will com- 
press or stretch the space between the pulsar and 
Earth, subtly shifting when pulses arrive. 

In June, five teams around the globe, each 
monitoring a different set of pulsars, jointly 
announced that with 15 years of observations 
they had beat down noise in the data enough to 
say that what remained was the combined din 
of supermassive black hole binaries across the 
universe, possibly millions of them. The teams 
are now hunting for yet more pulsars so they 
can map the hum and zoom in on galaxies where 
titanic black holes are slow dancing. —Daniel Clery 
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The Al weather forecaster arrives 


For nearly as long as the modern computer has existed, it has been used to forecast the 
weather. First deployed during World War II to simulate nuclear weapons and artillery trajec- 
tories, nascent computers were soon adopted by meteorologists to simulate the future state of 
the atmosphere, creating the modern discipline of numerical weather prediction. And although 
that discipline has grown ever more sophisticated and now produces reliable forecasts several 
weeks in advance, its approach has remained the same: using massive amounts of computing 
power to solve the fluid dynamics equations governing the atmosphere. 

Over the past year, artificial intelligence (AIT) has begun to change that. Tech companies in- 
cluding Google, Huawei, and Nvidia have trained AI models to predict the weather up to 
10 days in advance, with an accuracy rivaling or even topping traditional models—and with far 
less computational overhead. Rather than solving equations, these “deep learning” models pre- 
dict the near future based on patterns learned through training on 40 years of past weather, as 
captured by observations fed through the numerical model of the European Centre for Medium- 
Range Weather Forecasts (ECMWF), the world’s top forecaster. Once trained, the models can 
spit out a forecast on a desktop in 1 minute rather than taking 2 hours to run on a super- 
computer. But as with most AI, no one truly knows what patterns they’re learning. 

ECMWF has already begun to produce its own AI forecast, and other weather 
agencies are scrambling to catch up. The new models aren’t perfect. They struggle 
to predict certain essential features—hurricane intensity, for example. But 
researchers expect AI forecasters will only improve as they begin to learn 
from direct weather observations collected by sensors, not just data al- 
ready passed through existing models. And their speed will likely allow 
forecasters to run them many times over, capturing the full spread of 
uncertainty that results from butterfly effects in the atmosphere. 

No one expects traditional numerical weather prediction , 
to disappear; climate models, for example, rely on the same 
equation-solving paradigm. AI may struggle to take over if 
these forecasts because its models simulate changes in fu- 
ture that may not resemble the training data of the past. 
But in the long term, the output of supercomputer- 
driven climate models could itself become train- 
ing data for a climate forecasting Al—which 
might ultimately outstrip its mentors. 
—Paul Voosen 


New hope against malaria 


The effort to beat back malaria with vaccines got a double boost 
this year. A large evaluation of the world’s first malaria vac- 
cine, called Mosquirix, showed it significantly lowered deaths in 
young children, the group the disease hits hardest, killing nearly 
470,000 a year in sub-Saharan Africa alone. Now, a second vac- 
cine is poised to join the fight, with the approval by the World 
Health Organization (WHO) of a shot called R21/MatrixM. Simi- 
lar to Mosquirix in design, it can be produced more cheaply and 
in greater quantities. It should help fill the huge gap between 
supply and demand for malaria vaccines, potentially preventing 
tens of thousands of children’s deaths a year. 

Mosquirix, also called RTS,S, has only modest efficacy, and its 
protection soon wanes. That’s one reason WHO decided to roll 
out the vaccine under careful study. In 2019 it began a multiyear 
pilot phase in which nearly 2 million babies and young children in 

: Ghana, Kenya, and Malawi received the vaccine. By 2021, prelimi- 
The maternal child ward at Kilifi County Hospital in Kenya sees many children with nary results convinced officials it was safe and effective enough 
symptoms of malaria. A clinical trial of the new R21 vaccine took place in the city. to approve for wider use. In October, WHO officials reported 
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Trained on 40 years of weather data and 
models, artificial intelligence can now forecast 
the paths of hurricanes with eerie accuracy. 


comparisons between regions where the vaccine was offered during 
the pilot phase with control regions where it wasn’t. The vaccine 
lowered the rate of severe malaria by 22%. Even more striking, mor- 
tality from all causes (except accidents) in children who were age 
eligible for the vaccine was 13% lower in areas where it was offered 
than in areas where it wasn’t, demonstrating that even this imper- 
fect vaccine can save lives. But GSK, which manufactures Mosquirix, 
can only produce 18 million doses between now and 2025, enough to 
fully vaccinate just 4.5 million children out of the 40 million born in 
malaria-affected regions each year. 

R21 could help fill that gap. Developed at the University of Ox- 
ford, it is licensed to the Serum Institute of India, a major vaccine- 
maker. The company says it can produce 100 million doses per 
year at between $2 and $4 per dose, less than half the price of 
Mosquirix. Long-awaited data from a phase 3 trial of R21 involv- 
ing 4800 children in four countries were released as a preprint in 
September. The results suggest that over the first 18 months the 
vaccine is at least as effective as RTS,S, and perhaps a bit more 
effective, though there have been no direct comparisons of the two 
vaccines. WHO says R21 should be available for widespread use by 
mid-2024. —Gretchen Vogel 
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The dawn of 
exascale computing 


More than a decade in the making, the era of exascale 
science finally arrived this year. Frontier, at Oak Ridge 
National Laboratory, became the first openly acknow]- 
edged exascale computer to open to scientific users, able 
to crunch through challenges in fields from climate to 
materials at an exaflops—1 quintillion (10!*) mathemati- 
cal operations per second. (China is said to have had 
exascale machines in operation for years, but the country 
doesn’t share details of its hardware.) Some 60 teams 
are expected to log time on Frontier next year. But early 
results have begun to pour out. 

Among them: Frontier enabled researchers led by mate- 
rials scientists at the University of Michigan to merge 
two theoretical frameworks for predicting the behavior 
of up to 600,000 electrons in a material with near- 
perfect precision, something previous efforts could only 
manage for about 1000 electrons. That allowed the 
team to simulate how defects in magnesium alloys form, 
grow, and move, an advance that should help spur the 
development of ultralight materials for fuel-efficient cars 
and airplanes. 

Researchers at Lawrence Livermore and Sandia na- 
tional laboratories also used Frontier to sharpen the reso- 
lution of the U.S. Department of Energy’s primary global 
climate model. This, for the first time, made it possible 
to incorporate the physics that gives rise to clouds across 
the entire globe, an advance expected to greatly improve 
climate change forecasts. Last month, both those efforts 
were awarded the top prizes in their fields for super- 
computing simulations. 

The exascale explorations have only just begun. An 
exascale machine at Argonne National Laboratory is now 
undergoing final debugging before opening to users. Next 
year, new exascale supercomputers are expected to come 
online in California and Germany, with others in France 
and Japan set to follow—opening the doors to science on 
a previously unattainable scale. —Robert F. Service 
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Exascale computers like Frontier at Oak Ridge National Laboratory are 
bringing unprecedented computational power to many fields of science. 
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BREAKTHROUGH OF THE YEAR 


BREAKDOWNS OF THE YEAR 


U.S. Antarctic meltdown 


Troubles mounted this year for the U.S. 
Antarctic Program (USAP), the global 
leader in supporting research on the 
frozen continent. The National Science 
Foundation (NSF), which manages the 
program, faced tough questions from law- 
makers after a 2022 report documented 
“pervasive” sexual harassment. Some 72% 
of women who worked in Antarctica in 
recent years viewed sexual harassment as 
a problem, according to the report by an 
outside contractor. 

Also this year, Antarctic scientists were 
stunned to learn that more than half of the 
USAP projects scheduled for the 2023-24 
season had been canceled or reduced in 
scope. NSF officials place part of the blame 
on the pandemic, which has stretched 
out a $500 million renovation project at 
McMurdo Station, the program’s hub on the 
continent, and reduced the number of avail- 
able beds for scientists and those who pro- 
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vide essential logistical support. They also 
cite the rising cost of that support within a 
program budget that has remained flat. 
Other looming challenges are the 
soaring cost of a new and more capable 
research icebreaker slated to replace an 
aging vessel and the expiration of a con- 
tract on a second, smaller vessel used for 
research cruises and to resupply a second 
US. station. Researchers say USAP’s prob- 
lems could cripple their ability to moni- 
tor a region that provides early warnings 
about the effect of climate change on the 
planet. They also fear that the diminished 
prospects for working in Antarctica could 
push early-career scientists into other 
fields with brighter futures. —Jeffrey Mervis 


COVID-19 aftershocks 


Continuing suspicions that the COVID-19 
pandemic began with a leak from a govern- 
ment laboratory in Wuhan, China, fueled 
discord and distrust among scientists, intel- 


Cuts in the U.S. Antarctic Program 
this year jeopardized projects such 
as one to monitor Weddell seals. 


What went wrong 
in the world of science 


ligence analysts, and policymakers. Many 
scientists say compelling evidence supports 
the theory that the pandemic originated 
from a natural spillover from infected 
animals sold in a market in Wuhan. But 
China has hampered attempts to assess the 
spillover scenario—and not allowed an inde- 
pendent evaluation of the lab. 

This year, non-Chinese scientists discov- 
ered publicly posted genetic sequences from 
environmental samples collected at the 
market by Chinese researchers early in the 
pandemic; they argue the sequences indicate 
infected animals were present at the market 
and support the spillover theory. The Chi- 
nese team that gathered the samples initially 
did not reveal the existence of the animals 
and then disputed that conclusion, as did 
those outside China who believe SARS-CoV-2 
came from a Wuhan lab. 

In the United States, an effort by nine 
federal intelligence entities to publicly 
explain their views on the pandemic’s origins 
delivered little clarity; a majority favors 
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natural spillover, but with low confidence. 
In Congress, Republicans held fiery hearings 
that accused U.S. health officials of actively 
concealing a lab leak in order to cover up 
US. funding for bat coronavirus research 

at the Wuhan lab, but they offered no hard 
evidence. Meanwhile, fears of lab accidents 
have prompted U.S. proposals to more 
tightly regulate research with viruses that 
have pandemic potential, but some scientists 
fear new rules could hamper work on infec- 
tious diseases. —David Malakoff 


Superconductor claims 
hit resistance 


A claim that was hailed early in the year as 
“revolutionary” ended the year in tatters. In 
the 8 March issue of Nature, researchers led 
by Ranga Dias, a physicist at the University 
of Rochester, reported making a blue crystal- 
line compound that when squeezed to mod- 
erate pressures turned red and exhibited a 
long-sought property: It conducted electric- 
ity without resistance at room temperature. 
But on 7 November the journal retracted the 
paper at the request of eight of the 11 co- 
authors, who said it did not accurately re- 
flect their contributions and results. Dias did 
not say whether he agreed or disagreed with 
the retraction. 

Superconductors are widely used in 
MRI scanners, specialized electronics, and 
particle accelerators. But most only work at 
ultracold temperatures, requiring expensive 
cooling equipment. Extreme pressure is one 
solution for some superconductors, but this, 
too, limits practicality. Room-temperature 
superconductors that work at or near ambi- 
ent pressure could revolutionize electrical 
power transmission, save billions of dollars, 
and slash greenhouse gas emissions. 

The November Nature retraction wasn’t 
the only setback Dias suffered this year. On 
7 August, Physical Review Letters retracted 
a 2021 Dias paper because of apparent data 
fabrication. That followed news in April that 
Dias may have plagiarized portions of his 
2013 Ph.D. thesis at Washington State Uni- 
versity. And all of this came after a Nature 
retraction last year of another near-room- 
temperature superconductivity paper by a 
Dias-led team. Dias has denied all allega- 
tions of misconduct. 

Meanwhile, in August another claim of 
room-temperature superconductivity, from 
a South Korean team, went viral online, 
quickly followed by a backlash from skepti- 
cal scientists. Although no allegations of 
misconduct were made, the incident rep- 
resents another high-profile misstep in the 
pursuit of the superconductor dream. 
—Robert F. Service 
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Research on 
Twitter goes 
down the drain 


When Elon Musk walked 
into Twitter headquarters 
carrying a sink in October 
2022 it was a threat wrapped 
in a joke: Things were going to be very 
different at the social media company he 
renamed X. The changes did sink in this 
year—as did an uneasy feeling for many 
scientists, who had embraced the site as a 
place to share findings and debate issues. 

Hate speech and misinformation, a 
problem on Twitter long before Musk, 
increased even more as he scaled back 
content moderation, and many scientists 
left the site for good. A survey Nature 
conducted in July found that 7% of sci- 
entists using Twitter had stopped. Since 
then, Musk’s own sharing of conspiracists’ 
claims has persuaded many more research- 
ers to follow suit. Some have set up digital 
camp at alternatives such as Mastodon, 
Bluesky, or Threads but others have not, 
and many online science communities 
have fractured. 

More important, Twitter stopped sharing 
its data with researchers, shutting down its 
free application programming interface this 
summer and replacing it with one that gives 
more restricted access to data and is pro- 


X 


hibitively expensive. Dozens of studies were 
suspended or pivoted to other platforms. 
The move hit particularly hard, because 
Twitter—historically more generous with its 
data than other social media platforms— 
had become a kind of model organism for 
those who study issues such as polarization 
and the spread of misinformation. 

One silver lining for researchers: In the 
European Union, the Digital Services Act 
requires platforms like X to grant inde- 
pendent researchers some access to data 
beginning 1 January 2024. Some research- 
ers have already applied, though how 
useful this avenue turns out to be will only 
become clear next year. —Kai Kupferschmidt 


Materials squeezed in a diamond anvil cell are at the heart 
of contested superconductivity claims. 
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EDITORIAL 


More questions than answers 


eight loss and obesity have been challenging 
topics in science and public health for de- 
cades. While scientists have pursued under- 
standing through studies of metabolism and 
the microbiome, public health scholars have 
shown that social factors such as poverty 
and inadequate health care are also major 
contributors. And though it is true that excess weight 
carries with it numerous comorbidities that lower life 
expectancy and add costs to the health care system, 
studies also show that it is possible to be overweight 
and healthy. That doesn’t change the fact that obesity 
can be associated with poor mental health, in part be- 
cause of the corrosive societal stigma that associates 
being overweight with mental 
weakness, not biochemistry. 

Science’s Breakthrough of 
the Year is the development 
of glucagon-like peptide-1 
(GLP-1) agonists to treat obe- 
sity and weight gain, and this 
year’s discovery that they 
can blunt obesity-associated 
health problems. GLP-1 ago- 
nists have been around since 
2005 to treat type 2 diabetes 
and were approved for weight 
loss as early as 2014. But it 
was only since 2021, when the 
GLP-1 drug semaglutide was 
approved (as Wegovy) for obe- 
sity (it is sold as Ozempic for diabetes), that the frenzy 
really began, and mainstream media started referring 
to them as “the medical sensation of the decade.” 

As detailed in Jennifer Couzin-Frankel’s news story, 
the results of clinical trials are impressive. In the piv- 
otal trial, semaglutide was shown to lead to a loss of 
15% of body weight in 16 months, and a later follow- 
up, tirzepatide, may work even better. In studies of 
cardiovascular disease and kidney disease in people 
with obesity or diabetes, GLP-1 agonists have shown 
potential benefits. At this point, it’s safe to assume 
that there will be clinical trials for more indications in 
the coming years, including whether these treatments 
may ease addictions. The benefits may extend across a 
range of diseases, with some even resulting from pri- 
mary effects of GLP-1 homeostasis and not just reduc- 
tion of comorbidity due to weight loss. 


“for all their promise, 
GLP-1 agonists have 
raised more questions 


than they have 
answered—a hallmark of 
a true breakthrough.” 


But for all their promise, GLP-1 agonists have raised 
more questions than they have answered—a hallmark 
of a true breakthrough. The first is about their cost and 
availability. These issues are likely to be worked out 
over the next few years, but for the moment, access to 
these drugs is limited. The cost can be over $1000 per 
month and is not always covered by insurance, if the 
medicine can even be obtained. Over time, the price 
may well come down as supply goes up, and insurance 
will likely cover the medication as more benefits are 
demonstrated that save on health care costs down the 
line—both in terms of catastrophic disease and the need 
for additional medications required to treat other con- 
ditions known to be associated with excess weight. The 
pressure is on—and should 
stay on—the drug companies 
and insurance providers to 
work this out. 

Other questions relate to 
the need to stay on the drugs 
indefinitely to avoid regaining 
weight. A major assumption is 
that these are lifetime drugs. 
Are there safety implications 
associated with long-term use? 
How will clinicians decide 
how much weight loss justifies 
lifetime use of the drug? And 
at what age? These concerns 
become more pronounced for 
younger patients who will be 
on the drug for longer; at the same time, obesity among 
adolescents is a pressing problem on multiple fronts. 

The development and implementation of these 
drugs are forcing important discussions about the 
way obesity is considered. Old pejorative tropes about 
obesity being the result of low willpower were hurtful 
to begin with, but now there is compelling evidence 
that a biochemical difference, not mental weakness, 
is responsible for weight gain. Reduced appetite and 
reduced “food noise” are clear benefits of these drugs. 
Scientists will over time refine our understanding of 
the genetic and environmental factors involved with 
body mass. That might lower the stigma and judgment 
around weight. 

And that would truly be a breakthrough. 


-H. Holden Thorp 


H. Holden Thorp 
Editor-in-Chief, 
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A billion-dollar boost for vaccinemaking in Africa 


avi, the Vaccine Alliance, has committed up to 
$1 billion to bolster Africa’s ability to sustain- 
ably produce its own doses of lifesaving vaccines. 
Manufacturers based in Africa produce only 
1% of the vaccine doses used on the continent. 
Last week, Gavi announced that with money 
left over from the COVID-19 Vaccines Global Access 
Facility—an effort to provide an equitable distribu- 
tion of COVID-19 vaccines—it would create the African 
Vaccine Manufacturing Accelerator (AVMA) to focus on 


preventing 11 priority infectious diseases. As an incen- 
tive to begin making the doses, AVMA will give a man- 
ufacturer $10 million to $25 million for each vaccine 
that the World Health Organization determines meets . 
international quality standards. If Gavi and its partner, ‘ 
UNICEF, agree to buy the vaccine, AVMA will “top up” 
the price paid by as much as 50 cents extra per dose 
as an “accelerator payment.” Its goal is to help at least 
four African manufacturers supply a total of more than 
800 million doses over a decade. 


EU agrees to landmark Al rules 


REGULATION | After marathon negotia- 
tions, the European Union’s three main 
governing bodies last week approved a 
comprehensive new law governing the 
development and use of artificial intel- 
ligence (AI) systems across the bloc. The 
world’s first enacted legislation of its kind, 
the measure bans certain applications, such 
as the untargeted scraping of facial images 
from the internet and closed-circuit TV foot- 
age to create databases. It imposes the most 
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restrictions on classes of AI categorized as 
posing a high risk of harm to health, safety, 
the environment, or fundamental rights. 
Companies that don’t comply could be fined 
up to €35 million or 7% of global adjusted 
revenue. The regulation exempts systems 
used for defense, research, and innovation. 
To help smaller European companies stay 
relevant in the global race to develop AI, the 
law leaves it up to national authorities to set 
up “regulatory sandboxes” that would pro- 
vide controlled environments for developing 
and training AI systems. 


U.S. OKs gene editing for sickle cell 


BIOMEDICINE | The U.S. Food and Drug 
Administration (FDA) has approved for the 
first time a medical treatment that uses the 
gene-editing tool CRISPR. The therapy offers 
a genetic fix for sickle cell disease, which 

is caused by defects in the oxygen-carrying 
protein hemoglobin. The product, Casgevy, 
developed by Vertex Pharmaceuticals and 
CRISPR Therapeutics, uses CRISPR to turn 
on a gene for the fetal form of hemoglobin 
in a lab-grown population of a patient’s 
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harvested blood stem cells. The cells are 
then returned to the body. When FDA 
announced its decision last week, it also 
approved another sickle cell therapy— 
Lyfgenia, from maker bluebird bio—that 
adds a gene for adult hemoglobin to similar 
stem cells. The U.S. approval comes soon 
after the United Kingdom became the first 
country to approve a CRISPR treatment for 
sickle cell, on 15 November. For these poten- 
tially one-time treatments, Casgevy is priced 
at $2.2 million, Lyfgenia at $3.1 million. 


HIV vaccine trial ends in failure 


INFECTIOUS DISEASES | In an all too famil- 
iar disappointment, the only remaining HIV 
vaccine efficacy trial has been stopped early 
after poor results. Following failed trials 

of other HIV vaccines going back more than 
2 decades, the PrEPVacc study began in 
2020 and enrolled more than 1500 volun- 
teers in South Africa, Tanzania, and Uganda. 
They received one of two combinations of up 
to four vaccines that present HIV proteins to 
the immune system in different ways. Study 
leaders hoped to report results next year. But 
an independent data monitoring commit- 
tee notified them last month that results 

to date indicated no chance that either 
strategy being tested was protective. At an 
international AIDS conference in Zimbabwe 
on 4 December, PrEPVacc’s leaders publicly 
announced the decision to stop vaccinating 
participants. As part of the trial, all of them 
also have received anti-HIV pills, known as 
pre-exposure prophylaxis (PrEP). The study 
will continue to provide PrEP and assess its 
impact on infection rates. 


Macron names science advisers 


PoLicy | French President Emmanuel 
Macron last week established the country’s 
first multidisciplinary scientific advisory 
council to help him “fully put science at the 
heart” of political decisions. (Other, special- 
ized panels have advised the government 
on climate change and the pandemic.) 
Comprising 12 French scientists including 
two Nobel laureates and five women, the 
council will meet privately with Macron 
each quarter; its remit includes proposing 
new projects to build. Unlike some other 
countries, France does not have the posi- 
tion of chief scientific adviser. 


Biden wants NIH to eye drug costs 


TECHNOLOGY TRANSFER | President Joe 
Biden’s administration last week proposed 
strengthening the leverage of U.S. federal 
agencies to force those who hold patents 
resulting from taxpayer-funded research 
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Fellows at the National Institutes of 
Health protested for better pay and 
working conditions outside the ageney’s 
main administration building in James 


ie 


LABOR RELATIONS 


NIH workers vote to unionize 


arly-career researchers at the U.S. National Institutes of Health (NIH) last week 

voted 98% in favor of forming a union—the first of its kind at a federal research 

agency, joining a growing wave of such unionization efforts at universities across 

the country. The bargaining unit, called NIH Fellows United, is set to represent 

more than 5000 nonpermanent researchers, including graduate students, post- 
docs, and research fellows, who work at NIH research facilities. Under federal rules, 
workers won't be permitted to engage in strike activity. But organizers hope the union 
will push for better pay and working conditions. 


to more broadly license them. Biden’s move 
comes as he faces political pressure to help 
lower the high price of key medicines, such 
as the prostate cancer drug Xtandi. Under 
a 1980 law, owners of such patents may 
exclusively license them to companies; if 
public access is prevented, the government 
can force the patent owner to issue more 
licenses. Biden’s proposal would clarify that 
the National Institutes of Health (NIH) can 
deem a drug’s high price a barrier to public 
access. NIH has never exercised its “march- 
in rights,’ despite requests from advocates. 
Drug companies and academic institu- 
tions say it would dissuade industry from 
commercializing NIH-funded research. The 
Department of Commerce is accepting com- 
ments on the proposal until 6 February. 


AAAS strips harasser of honor 


#METOO | AAAS said this week it has 
revoked the honorary fellowship of molecular 
biologist David Gilbert after his former insti- 
tution found he engaged in severe, pervasive 
sexual harassment. The society’s 8900 active 
fellows are recognized for distinguished 
achievements and normally elected for life. 


In 2018, AAAS began to allow removal of the 
title for documented scientific misconduct, 
including harassment. Science, which AAAS 
publishes, reported in April that Gilbert’s for- 
mer employer, Florida State University, made 
the determination of harassment in 2020; 
the next year, he moved to the San Diego 
Biomedical Research Institute, which Florida 
State did not inform about its finding. In San 
Diego, one trainee reported being harassed, 
but a probe by the institution found no 
“unlawful harassment.” 


Australia buys water for ecosystem 


CONSERVATION | Australia’s government 
on 7 December enacted a law allowing 

it to buy more water from farmers to 
improve the ecology of the country’s largest 
river system, the Murray-Darling Basin. 
Scientists have documented that low water 
flows have caused chronic harm, including 
algal blooms and fish kills. The law guaran- 
tees the basin a quantity of water promised 
under a 2012 policy. Under a previous 
policy, the government capped the amount 
of water rights it bought, which hindered 
the ecosystem’s recovery. 
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Florida law blocks hiring of Chinese students 


Top officials would have to approve job offers to research staff—and process remains opaque 


By Jeffrey Mervis 


new state law is thwarting fac- 
ulty at Florida’s public universities 
who want to hire Chinese graduate 
students and postdocs to work in 
their labs. 

In effect since July, the law pro- 
hibits institutions from taking money from 
or partnering with entities in China and 
six other “countries of concern.” The list 
of banned interactions includes offering 
anyone living in one of those countries a 
contract to do research. Students could be 
hired only if they are granted a waiver from 
the state’s top higher education body. But 
how that process would work is not clear, 
and the 12 public colleges and universities 
covered by the law are still writing rules to 
implement the statute. 

More than 280 faculty members at the Uni- 
versity of Florida, which has the state’s larg- 
est research portfolio, have signed a petition 
urging UF to clear up the confusion and to 
voice support for an open-door policy on hir- 
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ing. “We urgently request a timely decision 
that allows us to recruit top international 
graduate students with an assistantship, ir- 
respective of their nationality,’ declares the 
petition, sent on 6 December to UF President 
Ben Sasse and senior UF leadership. “Failure 
to act swiftly may result in the loss of excep- 
tional students to other universities, and the 
damage will be irreversible.” 

The uncertainty created by the law has 
already kept faculty from making offers to 
research students in China for the fall of 
2024, which would normally happen in De- 
cember and early January. “We have missed 
that window,” says Zhong-Ren Peng, a UF 
professor of urban planning who leads a 
center for adaptation planning and design. 
“And the best students cannot wait. Instead, 
they will go somewhere else.” 

Passed unanimously by the state legisla- 
tion in May, the law (SB 846) is part of a 
broader effort by state lawmakers and Gov- 
ernor Ron DeSantis (R) to thwart what 
they see as attempts by China and other 
countries to influence what happens on 
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campuses and steal intellectual property. 
Backers point to a few cases in which Florida * 
scientists failed to disclose ties to China or used ‘ 
public funds to support work there as evidence 
that state universities need to be more vigilant. 

The law applies to all academic interac- 
tions with China, Russia, Cuba, Iran, North 
Korea, Syria, and Venezuela. Exceptions are 
allowed only when the Board of Governors, 
which oversees higher education in the 
state, decides that the interaction “is not 
detrimental to the safety or security of the 
US. or its residents.” 

Such a waiver would be granted on a case- 
by-case basis for those seeking a research 
position as a graduate assistant or postdoc. 
(Students from the countries of concern 
could still be admitted to a graduate pro- 
gram but could not be paid to work on a re- 
search project.) A 2021 law already requires 
Florida universities to review the proposed 
employment of any foreign researcher, a cat- 
egory that covers not just people currently 
living in another country, but also anyone 
with 1 year or more of training or employ- 


science.org SCIENCE 


NEWS 


PHOTO: RYAN POSTEL/FERMI NATIONAL ACCELERATOR LABORATORY 


In May, Florida Governor Ron DeSantis (R) signed 
bills restricting interactions with China. 


hold U.S. citizenship. What’s more, those 
turned away because of something in their 
background seen as suspect must be re- 
ported to FBI or another law enforcement 
agency designated by the governor. 

In October, the Board of Governors pro- 
vided guidance intended to help universi- 
ties draw up policies that comply with the 
new law. The new procedures were sup- 
posed to be in place by 1 December. But uni- 
versities are still scrambling to write them. 
“The university is presently developing poli- 
cies and procedures that conform to these 
new requirements,” says David Norton, UF’s 
vice president for research. 

Norton says UF now employs about 
350 graduate assistants and 200 postdocs 
from the seven countries of concern. But UF 
faculty see a much bigger ripple effect from 
the new law. “A substantial number of skilled 
applications for our graduate programs 
originate from these countries of concern,” 
the petition notes, singling out China and 
Iran. “Restrictions on recruiting could sig- 
nificantly reduce our applicant pool ... and 
lead to a significant erosion of UF’s standing 
within those international communities.” 

Computational chemist Wenjun Xie, who 
took a tenure-track position at UF in July, 
worries that eliminating students from 
countries on the list could cripple his abil- 
ity to staff his lab and generate the type of 
preliminary results needed to win a fed- 
eral research grant. “As a new investigator 
working in the rapidly evolving field of AI 
research, this situation is particularly prob- 
lematic for me,” he says. 

Chenglong Li, a chaired professor in the 
same department of medicinal chemistry 
that recently hired Xie, fears the restrictions 
“will hurt UF’s reputation at a time when we 
are striving for excellence in artificial intel- 
ligence.” Li adds, “I think we are shooting 
ourselves in the foot.” 

Li also worries the law could put faculty 
supported by federal grants at odds with 
US. laws banning discrimination by those 
receiving federal funding. “As a principal in- 
vestigator, we promise not to discriminate 
based on race or national origin,’ he notes. 
“But SB846 is doing exactly that.” 

Singling out individuals is never a good 
idea, agrees Rebecca Keiser, who leads a 
new office on research security at the Na- 
tional Science Foundation. “There are risks 
posed by a particular entity or a particular 
government,” says Keiser, who declined to 
comment on the Florida law. “But I think 
it’s better to focus on how to get to yes, with 
the proper safeguards in place, rather than 
on excluding individuals.” 
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Their budget bursting, U.S. 
particle physicists dream small 


New effort to study big bang afterglow heads to-do list 


By Adrian Cho 


article physicists in the United States 

have released a plan for the next de- 

cade that looks less like a child’s wish 

list and more like a parent’s cautious 

budget. Although some _ physicists 

dream of exotic new colliders, the 
report of the ad hoc Particle Physics Proj- 
ect Prioritization Panel (P5) lists just five, 
mostly smaller projects. That’s because the 
US. program, supported by the Depart- 
ment of Energy (DOE), is still busy with a 
massive neutrino project that has greatly 
exceeded its initial cost estimate and is 
behind schedule. 

Still, other physicists are encouraged. “This 
is better than I expected,” says Daniel Akerib, 
a particle physicist at SLAC National Acceler- 
ator Laboratory. “Even given the constraints, 
they found a way to fit new things in.” 

The product of more than a year of delib- 
eration, the report, presented on 7 Decem- 
ber to DOE’s standing High Energy Physics 
Advisory Panel (HEPAP), represents the con- 
sensus of the panel’s 31 particle physicists, 
says chair Hitoshi Murayama, a theorist at 
the University of California, Berkeley. “We 
never voted on anything.” 

The first recommendation sets the tone, 
says Regina Rameika, associate director for 
DOE’s high energy physics program, which 
has a $1.17 billion budget this year. The high- 
est priority, the report says, is to “complete 


construction of projects and support op- 
erations of ongoing experiments.” In other 
words, Rameika says, “We’ve got to finish 
what we've started.” 

Those commitments include various ex- 
periments at Fermi National Accelerator 
Laboratory (Fermilab), massive underground 
detectors that are striving to detect hypothet- 
ical particles of dark matter called weakly , 
interacting massive particles (WIMPs), and 
a 4-meter telescope to probe the mysterious 
dark energy that appears to be accelerating 
the expansion of the universe. They also in- 
clude a planned upgrade to increase the in- 
tensity of the proton beams at the world’s 
biggest atom smasher, Europe’s Large Had- ‘ 
ron Collider (LHC), to which DOE will con- 
tribute parts worth $650 million. 

Above all, physicists must complete a 
huge two-piece experiment, the Long Base- * 
line Neutrino Facility (LBNF) and the Deep 
Underground Neutrino Experiment (DUNE). 
Itwouldfireneutrinos from Fermilabin Illinois 
to a massive subterranean detector 1300 kilo- 
meters away in South Dakota. Neutrinos, 
nearly massless and almost undetectable, 
come in three types and can morph from one 
to another as they zip along at light speed. 
LBNF/DUNE aims to provide the ultimate 
study of such neutrino oscillations, which ‘ 
might shed light on how the nascent universe : 
generated more matter than antimatter. 

In 2014, researchers expected LBNF/ 
DUNE to cost less than $1.9 billion and to 


Excavation in South Dakota for the huge Deep Underground Neutrino Experiment is nearly done. 
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be completed in 2028. The cost has grown 
to $3.2 billion—and that’s not for the whole 
project. Original plans called for the detec- 
tor in South Dakota to include four modules, 
each containing 17,5000 tons of frigid liquid 
argon. In March 2022, DOE officials split the 
project into phases, with the first consist- 
ing of just two detector modules. The others 
would be added later, as an upgrade. Neutri- 
nos won't flow until 2031. 

Nevertheless, P5 recommends starting 
five projects costing more than $250 million 
apiece. The top priority would be an ensem- 
ble of new telescopes at the South Pole and 
in Chile’s Atacama desert called CMB-S4 to 
study the afterglow of the big bang, the so- 
called cosmic microwave background (CMB). 
DOE and the National Science Foundation 
would split the $800 million cost of the proj- 
ect, which would scrutinize the CMB for evi- 
dence that the newborn universe underwent 
an exponential growth spurt called inflation. 

The panel says the U.S. should also go 
ahead with LBNF/DUNE phase two and pre- 
pare to participate in an international “Higgs 
factory’"—an electron-positron collider that 
would produce a particle called the Higgs 
boson in copious amounts—should research- 
ers in Europe or Japan decide to build it. 
And it endorses an ultimate WIMP detector 
weighing up to 80 tons and an expansion of 
the existing IceCube detector sunk into the 
South Pole ice, which detects ultra-high en- 
ergy neutrinos from space. 

To make all this affordable, P5 is banking 
on some luck, both technical and political. On 
the technical side, Fermilab researchers have 
realized that relatively simple changes to the 
lab’s proton accelerators might increase by 
75% the number of neutrinos generated for 
LBNF/DUNE. That implies the second phase 
might do the same amount of science with 
one additional module for the distant detec- 
tor, not two, cutting costs. 

The P5 report also assumes that by 2027 
the budget for DOE’s high energy physics 
program will grow by 34%—the boost Con- 
gress promised in the 2022 CHIPS and Sci- 
ence Act—and will increase with inflation 
thereafter. If that boost does not materialize, 
plans will have to be scaled back, it says. 

P5 also calls for aggressive R&D to develop 
ideas such as a collider that would smash 
muons, heavier, fleeting cousins of the elec- 
tron. In principle, a muon collider could 
reach higher energies than a Higgs factory 
or the LHC while remaining much smaller. 

The idea is “compelling,” says Heidi 
Schellman, a physicist at Oregon State Uni- 
versity and a member of HEPAP. But she cau- 
tions that because muons decay so rapidly, 
such a collider presents myriad challenges. 
“Somebody needs to ‘splain to people how 
hard it is to make a muon collider.” 
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Do tiny black holes from cosmic 
dawn hide within giant stars? 


Idea could account for universe’s mysterious dark matter 


By Adam Mann 


runge music: a source of valida- 

tion for a generation of disaffected 

youth—and a surprising source of sci- 

entific inspiration for Earl Bellinger 

of the Max Planck Institute for Astro- 

physics. While listening to Soundgar- 
den’s 1994 hit Black Hole Sun 2 years ago, he 
contemplated a curious question: Might itty- 
bitty black holes from the dawn of time be 
lurking in the hearts of giant stars? 

The idea is not so far-fetched, he found. As- 
tronomers could detect these trapped black 
holes by the vibrations they cause on the star’s 
surface, and if numerous enough, they could 
function as the mysterious dark matter that 
knits the universe together, Bellinger and col- 
leagues find in a study published this week in 
The Astrophysical Journal. “Tt is speculative, 
but interesting,” says Juan Garcia-Bellido, a 
theoretical physicist at 
the Autonomous Univer- 
sity of Madrid. 

Ordinary black holes 
are born when large stars 
die and their cores col- 
lapse into objects so dense 
that even light can’t es- 
cape their gravity. In 1971, 
famed physicist Stephen 
Hawking proposed an- 
other origin. In the thick 
soup of particles present 
moments after the big 
bang, certain spots might 
have been dense enough 
to collapse into black holes ranging in size 
from the microscopic to the incredibly huge. 

If pervasive enough, these primordial 
black holes could function as the dark mat- 
ter thought to make up 85% of the matter in 
the universe. Astronomers have searched for 
them by looking for flashes that would arise 
when they eclipse a distant object and mag- 
nify its light like a lens. None have been spot- 
ted. But if a black hole was tiny enough, with 
amass of an asteroid and a diameter as small 
as a hydrogen atom, the flashes would be too 
dim to be picked up in such surveys. 

Bellinger and his colleagues considered 
a universe in which dark matter was made 
entirely of such teensy black holes. They 


A black hole buried in the Sun might 
affect vibrations at its churning surface. 


found some would get trapped within the gas 
clouds that give birth to stars, and would end 
up sinking to the cores of newly formed stars. 

At first, very little would happen. Even 
a dense stellar core is mostly empty space. 
The most microscopic of the black holes 
would have a hard time finding matter to 
consume, Bellinger says. “It could take lon- 
ger than the lifetime of the universe to eat 
the star” 

But larger ones, about as massive as the 
asteroid Ceres, could grow in a few hundred 
million years. Material would spiral onto the 
black hole, forming a disk inside the star that 
would heat up through friction and glow. 
Once the black hole was as massive as Earth, 
it would churn up the core like pot of boil- 
ing water, cause the star’s outer layers to puff 
up and redden, and become the main source 
of brightness. “It will become a black hole- 
powered object rather than fusion-powered 
object,” says study co- 
author Matt Caplan, a 
theoretical physicist at II- 
linois State University. The 
team calls these entities 
“Hawking stars.” 

To identify them, 
Bellinger says, astrono- 
mers could tune in to the 
particular frequencies at 
which the stars vibrate. 
Because a Hawking star 
would churn throughout 
its interior, rather than 
just in the topmost layers 
like an ordinary red giant, 
it would be expected to thrum with a partic- 
ular combination of frequencies. Such waves 
could be detected in the way the star’s light 
pulses and throbs. Bellinger is applying for 
funding to study a list of about 500 promising 
nearby red giants to see whether any shud- 
der with the signs of a black hole. 

And if he were to one day find a star that 
seems to harbor a primordial black hole? 
“That would be great,’ he says. “I joked with 
some people that it would be the dumbest 
ever Nobel Prize, to discover dark matter be- 
cause you're inspired by Black Hole Sun. 


Adam Mann is a science journalist in 
Oakland, California. 
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Universities uneasy with plan to 
disclose misconduct findings 


Transparency could benefit, but some see a threat to privacy 


By Jeffrey Mervis 


he U.S. government wants to strip 

away some of the secrecy surrounding 

university investigations of research 

misconduct by publicizing findings 

that institutions might otherwise keep 

confidential. Advocates of greater 
transparency say the change, proposed by 
the federal Office of Research Integrity (ORD, 
would boost public confidence in research 
and correct the scientific record sooner. 

“Good for [ORI]? says lawyer C.K. 
Gunsalus, who leads a center on research 
ethics at the University of Illinois Urbana- 
Champaign. “The government provided the 
money to do the research,” she says. “And if 
the institution that received the money con- 
cludes that the work wasn’t up to the rigor 
expected, the public has a right to know.” 

But many university administrators dislike 
the proposed change, announced in October 
and now open for public comment. Because 
the notice doesn’t spell out what information 
ORI might disclose or when it would use its 
new authority, they worry the information 
released might violate privacy laws or distort 
the actual findings. 

“ORI isn’t taking into account state, lo- 
cal, or institutional privacy or confidentiality 
considerations,” says Kris West of the Council 
on Governmental Relations, which monitors 
federal research policy for its hundreds of 
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institutional members. She and others also 
question the legal basis for having ORI pub- 
licize the findings of another, outside organi- 
zation. Such authority, says attorney Minal 
Caron of Ropes & Gray, who counsels univer- 
sities conducting misconduct investigations, 
“would be inconsistent with the practices of 
other federal agencies.” 

Created in 1992, ORI monitors the conduct 
of scientists funded by the National Institutes 
of Health and other agencies within the De- 
partment of Health and Human Services. It 
defines research misconduct as fabrication, 
falsification, or plagiarism. 

Currently, institutions must notify ORI if 
they find misconduct and prescribe corrective 
action, such as retracting a paper. ORI can 
then begin a process leading to its own find- 
ing of misconduct, which it makes public— 
or it can let the matter rest, which often 
means a finding is never revealed. The pro- 
posal would give ORI a third option: Simply 
announce what an institution has done. 

Eugenie Reich, a Boston attorney who 
represents whistleblower scientists suing in- 
stitutions over alleged research misconduct, 
thinks the new authority “will be an incentive 
for universities to make their findings pub- 
lic” She says ORI “is basically telling them 
that if you don’t, we might.” 

The proposed language on disclosure is 
part of the first overhaul of rules ORI ad- 
opted in 2005. Expected to be finalized next 


x. 
summer, the changes would give univ ee 
ties less time to decide whether to pursuc— 
an allegation against a faculty member, 
require more record-keeping, and prohibit 
institutions from quickly closing a case they 
believe reflects “honest error.” ORI’s direc- 
tor, Sheila Garrity, has touted the changes 
as a “better way” to do business, and the of- 
fice has received favorable comments along 
with questions about how some changes 
would be implemented. 

The disclosure provision is drawing 
particularly strong reactions. ORI’s no- 
tice says it would disclose institutional 
findings only “to protect the health and 
safety of the public ... or to conserve pub- 
lic funds.” It promises not to include “the 
names or other identifying information of 
the respondent(s),” referring to the scientist 
found guilty of misconduct. 7 

Susan Garfinkel, vice president for re- 
search compliance at Ohio State University 
and former head of ORI’s investigative unit, 
sees some value in disclosure. “People want 
to know if the paper was flawed, and if some 
of the data in it can’t be trusted,” she says. 
“So I'd support announcing that the image 
in figure six was fabricated.” 

But she and many other research admin- 
istrators worry about a loss of control over 
what is an institutional product. They also 
fret that the information released could mis- 
characterize the overall findings or provide 
enough clues about identities to damage the 
reputations of lab associates or co-authors 
not involved in the misconduct. “These re- 
ports are hard to write, and university com- 
mittees struggle to get the wording just 
right,’ Caron says. “So a brief summary could 
be very misleading, and leave a permanent 
dark cloud hanging over the head of someone 
who’s not at fault.” 

Garfinkel and West say citing the problem- 
atic paper would make preserving anonymity 
impossible. That makes Garfinkel uncomfort- 
able about disclosure when ORI decides not 
to issue its own finding of misconduct. With 
university-only findings, she says, “Some- . 
times you want to give people a chance to 
recover from it, and stay in science. But that’s 
hard to do once you’ve been named.” 

Garrity declined to provide more details 
about the policy. But she says she welcomes 
feedback from interested parties, who have 
until 4 January 2024 to submit comments. 

Garfinkel hopes her colleagues will of- 
fer enough pushback to convince ORI to 
remove the language before issuing the fi- 
nal rules. But Gunsalus thinks critics are 
overstating the potential risk of ORI’s new 
authority. “Some universities have released 
their findings, and the sky hasn’t fallen,” she 
says. “Sunshine is the best disinfectant. So 
let us see the work.” 
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Proposed FDA rule on lab tests sparks debate 


Scientists divided over whether increased regulation would protect patients or limit access 


By Jennifer Couzin-Frankel 


he U.S. Food and Drug Administration 

(FDA) wants to tighten regulation of 

certain lab tests, and its proposal is 

touching off anxiety. Tests designed 

and used for patient care within a 

single lab have so far been largely 
exempt from FDA’s review process. In Sep- 
tember, however, the agency proposed a new 
rule that could subject roughly half of such 
tests, which number at least in the tens of 
thousands and range from prenatal screen- 
ing to gene sequencing of tumors, to scru- 
tiny. Comments from doctors, professional 
groups, research scientists, and oth- 
ers flooded in—almost 7000 by the 
time the scheduled comment period 
closed last week. 

What exactly FDA will require of 
testmakers is uncertain. But the pros- 
pect of change is exposing schisms 
over whether more regulation will 
safeguard patients from inaccurate re- 
sults or discourage innovation and re- 
duce access to tests. “There’s this layer 
of hysteria,” says John Pfeifer, a surgi- 
cal pathologist at Washington Univer- 
sity School of Medicine in St. Louis. 
“You hear a lot of people saying this 
will put a lot of labs out of business.” 
Pfeifer is one of many physicians at 
his university who routinely runs lab- 
developed tests on patient samples, 
and he supports additional regulation. 

FDA already vets in vitro diagnostic tests 
that are developed by and used across multi- 
ple labs, including continuous glucose moni- 
tors and pregnancy tests run in doctor’s 
offices. Decades ago, the agency opted not to 
scrutinize lab-developed tests, because they 
were mostly simple, small-scale assays. But 
in recent years, highly complex tests, such 
as sophisticated analyses of DNA, have gal- 
loped ahead. Their reach now often extends 
far beyond one hospital’s patients; some are 
marketed by companies and offered nation- 
wide. And the tests increasingly come with 
high stakes, including diagnosis of serious 
diseases such as cancer and heart disease. 

FDA has long suggested these tests need 
vetting, too. It now proposes that they be 
regulated as medical devices, which are cat- 
egorized as low-, medium-, or high-risk. The 
middle-risk category typically requires over- 
sight from FDA prior to marketing, and the 
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agency reviews the highest risk candidates 
for safety and effectiveness. FDA estimates 
that about half of lab-developed tests would 
fall into one of these two categories, and 
between 6% and 7% would need that more 
intense vetting. 

Many researchers support some _ in- 
crease in oversight. The testing field has 
seen a “gradual slide” into commercializa- 
tion and marketing of tests with sometimes 
unproven—or unpublished—accuracy, and a 
risk of potential harm, says Michael Mina, a 
clinical pathologist and epidemiologist, and 
chief science officer of eMed, which provides 
in-home tests and links patients to treatment. 


But many, including Mina, fault the pro- 
posal as impractical and overly burden- 
some. FDA is “biting off more than they can 
chew” given the number of tests it would 
have to vet, Mina says. In February 2020, 
when Mina was at Harvard University, he 
and his colleagues developed a COVID-19 
polymerase chain reaction test but were 
prevented from launching it until FDA 
reviewed evidence of its efficacy—even as 
one of the first superspreader events un- 
folded at a Biogen conference in Boston. A 
monthlong backlog of applications for “es- 
sentially identical tests” hindered public 
access to them, he says. (FDA notes in the 
new proposal that some of the COVID-19 
tests submitted to it were unreliable.) 

Another common concern is that intensive 
clinical testing before approval isn’t always 
feasible. At Brigham Young University, epi- 
geneticist Tim Jenkins is developing a test 


to predict Alzheimer’s disease risk years be- 
fore symptoms emerge based on detection 
of DNA from certain brain cells in a person’s 
blood. A company he co-founded, Resonant, 
aims to launch the test early next year. “We 
have people emailing us every day” asking for 
this test, Jenkins says. He and his colleagues 
published a paper in October in Frontiers in 
Neurology validating the test in 50 people, 
and more validation is ongoing. But, he says, 
“Tf I put on my perfect study design cap,” gen- 
erating ironclad evidence could take a decade 
or more—dooming the test. 

Pfeifer, however, worries about qual- 
ity control issues. His team tested whether 
19 academic and commercial labs 
could identify 54 gene variants in a 
colon cancer tissue sample. Patients 
with any of the variants don’t re- 
spond to a particular cancer drug. 

As the group reported in 2021 in 
the American Journal of Clinical 
Pathology, seven labs aced the test, 
detecting every variant correctly. 
Three made fewer than five mistakes, 
and nine had five or more errors— 
mostly false negatives, meaning a 
patient would be given a drug from 
which they would not benefit and 
might suffer side effects. The labs 
were privately notified of the results. 
Data like these, he says, “suggest that 
the current practices or procedures in 
place aren’t adequate.” 

FDA proposes a phase-in of the new 
rules over 4 years, but its specific demands 
aren’t yet clear. The draft document is pep- 
pered with questions on which the agency 
sought input, including whether a different 
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policy should apply to labs in academic medi- . 


cal centers, as opposed to those in other set- 
tings, like commercial labs. 

Whether the proposal will ever become 
a final rule is also uncertain. FDA tried a 
similar regulatory change in 2014, only to 
abandon it with the shift to a new presi- 
dential administration. Marsha Michie, a 
bioethicist at Case Western Reserve Univer- 
sity who has studied lab-developed tests in 
prenatal care, hopes FDA goes through with 
the overhaul this time. “There’s no question 
that regulation imposes additional burden 
on laboratories,” she says, but “the fact that 
... It takes a little more time and effort to 
get these things to market is not necessarily 
a bad thing.” ! 
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Dinosaur extinction researcher 
guilty of research misconduct 


But Robert DePalma did not commit fraud in paper 
claiming asteroid hit in springtime, university report finds 


By Michael Price 


aleontologist Robert DePalma, whose 
high-profile claim that the aster- 
oid that killed the dinosaurs struck 
in springtime drew accusations of 
fraud, is guilty of “several counts of 
poor research practice” that “con- 
stitute research misconduct,” according to 
an investigation. The report by the Univer- 
sity of Manchester, which it shared with 
Science, says DePalma did not fabricate 
data, but notes he was unable to say where 
the key isotope data underlying his 2021 pa- 
per in Scientific Reports were produced. 
“fm happy the university acknowledged 
poor research practices [and] misconduct,” 
says paleontologist and Ph.D. student 
Melanie During. “That’s a big win.” She 
and her adviser, paleontologist Per Ahlberg 
of Uppsala University, had filed the fraud 
complaint, and she continues to think Sc7- 
entific Reports should retract the paper by 
DePalma’s team. “Nonscientific information 
has been published as scientific informa- 
tion, and it is still out there,” she says. 
DePalma emphasizes that the university, 
where he is now a Ph.D. student, cleared him 
of fabricating data. He says what he calls er- 
rors in “record-keeping and data presentation 
... collectively were labeled as a form of mis- 
conduct of a negligent sense, which is fuel for 
self-improvement and positive adjustment.” 
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A representative for Springer Nature 
Group, which publishes Scientific Reports, 
told Science they were “considering our next 
steps.” The paper bears an editor’s note say- 
ing, “The reliability of data presented in this 
manuscript is currently in question.” 

The paper’s conclusion—that the as- 
teroid hit in springtime 66 million years 
ago—is not at issue. The finding comes 
from Tanis, a site in North Dakota leased 
by DePalma that preserves a trove of fos- 
sils evidently deposited on the day of the 
catastrophe 66 million years ago. During, 
who worked alongside DePalma at Tanis 
in 2017, published the springtime finding 
with Ahlberg and colleagues in Nature in 
February 2022, 2 months after DePalma’s 
paper. In allegations to Science last year 
and in a preprint, During and Ahlberg al- 
leged that DePalma had fabricated data in 
order to publish the claim first. 

To determine season of death, both 
During’s and DePalma’s teams reported isoto- 
pic signatures taken from fossilized fin bones 
of paddlefish thought to have been killed 
minutes to hours after the asteroid’s impact. 
In modern paddlefish bones, seasonal dietary 
changes lead to higher levels of carbon-13 
during spring. During and Ahlberg found 
similarly high levels in the ancient fish. 

DePalma’s graphs of isotope levels also 
show the springtime spike, but the paper 
does not include the raw isotopic data. In 
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Robert DePalma examines asteroid ejecta at the | upd: 


fossil site, which records the hours after impact. “ 


their preprint and complaint, During and 
Ahlberg say irregularities in the graphs sug- 
gest data fabrication. 

The university’ Research Governance, 
Ethics and Integrity office investigated. 
Both During and Ahlberg appealed the re- 
sults, which haven’t been released. The 
appeal panel’s report, released to Science, 
concludes DePalma drew the points in the 
graphs by hand from “an interim data sheet” 
given him by his now-deceased co-author 
Curtis McKinney. The irregularities “were 
explained as genuine errors resulting from 
the lack of raw data as a consequence of the 
death of McKinney,’ the report says. 

McKinney worked at Miami Dade College, 
which lacks the type of mass spectrometer , 
needed. “Although McKinney’s institution 
did not have the kind of apparatus sup- 
posedly used for the analysis, this was not 
evidence that McKinney had not sent the 
samples elsewhere for analysis,’ the report 
says. It also cites “evidence that the isotope 
data existed in 2017, before During visited 
Tanis, so there appeared to be no motive for 
fabricating the data.” 

The report faults De Palma for “poor re- 
search practice” and for not being transpar- 
ent about “the fact that he did not know in 
what laboratory [the isotope analysis] had 
been conducted, how and by whom.” To- 
gether, these failings “constitute research 
misconduct,” the university writes. 

The panel absolved two Manchester re- 
searchers who co-authored the 2021 Scien- 
tific Reports paper: paleontologist Phillip 
Manning and geochemist Roy Wogelius. It 
notes that they were not supervising De- 
Palma while he prepared the isotope graphs 
and did not supervise the isotope work. 

Other isotope experts say they’d like to 
know where the data came from. “In my 
experience, it is highly irregular ... [to] not 
include any primary data tables and instead 
rely solely on hand-traced figures (particu- . 
larly with no disclosure of that choice),” 
writes Thomas Cullen, an isotope researcher 
at Auburn University, in an email. 

John Eiler, an isotope analysis expert at 
the California Institute of Technology, says 
the data are “not only inconsistently re- 
ported, but also implausible” The report 
notes that an outside geochemist told the 
appeals panel the presented isotope data 
were “too good to be true.” Eiler adds that 
“the inconsistencies re: McKinney’s involve- 
ment were never addressed. ... I would not 
accept this issue as settled.” 

The report concludes by saying the uni- 
versity will give DePalma the opportunity to 
redo the experiments. 
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The history of the Coast Salish “woolly dogs” 


DNA and traditional knowledge reveal the history of an extinct dog bred for its wool 


By Ludovic Orlando 


n many societies, dogs represent more 
than mere companions—they are highly 
esteemed working partners and in- 
tegral community members that are 
sometimes revered for their spiritual 
importance (J). Dogs played these mul- 
tifaceted roles in the Indigenous communi- 
ties located around the Salish Sea, a region 
that encompasses tens of thousands of 
square miles in the Pacific Northwest near 
present-day Vancouver, Canada, and Seat- 
tle, Washington. However, the Coast Salish 
peoples also developed something rather 
distinct—a tradition of wool weaving based 
on the particularly thick and woolly coat of 
a special lineage of dogs. On page 1303 of 
this issue, Lin et al. explore the genome se- 
quence of a Coast Salish dog named Mutton 
who died in 1859. This analysis was com- 
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bined with traditional knowledge provided 
by local Indigenous communities to glean 
information on the breeding practices and 
genetic modifications that underlie this ex- 
ceptional hairy dog phenotype (2). 

Mutton accompanied the _ ethnogra- 
pher George Gibbs as he participated in 
the Northwest Boundary Survey (1857 to 
1862), which sought to solve border issues 
between the United States and Britain. 
Mutton’s pelt was later preserved in the 
collections of the Smithsonian Institution 
in Washington, DC (see the photo). Lin et 
al. used samples of the pelt to obtain a ge- 
nome sequence in which each nucleotide 
was read slightly more than three times 
on average. The authors compared the ge- 
nome sequence against those from other 
animals, including a nonwoolly dog that 
died in the region (Semiahmoo Bay in the 
Pacific Northwest) in 1858, multiple dogs 


that lived ~5000 to 500 years ago before 
the arrival of European colonizers [pre- 
contact dogs (PCDs)] (3), and modern coy- 
otes and dog breeds distributed worldwide. 

Mutton’s mitochondrial DNA (mtDNA) 
was similar to that of the other PCD speci- 
mens and seemed to be most similar to the 
mtDNA of a dog that lived in the Pacific 
Northwest ~1500 years ago. This indicates 
a direct local maternal line of descent be- 
cause mtDNA is inherited from mother to 
offspring. By contrast, the nonwoolly dog 
from the Salish Sea region carried another 
mtDNA haplotype that originated from 
Europe, which largely replaced haplotypes 
of PCD lineages as the Americas were colo- 
nized. Nuclear genome data confirmed that 
Mutton’s genome was mainly derived from 
the genomes of PCDs but also had ~16% 
European ancestry. This indicated a recent 
history of admixture in his genealogy, proba- 
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The pelt of Mutton, a 
Coast Salish wool dog who 
died in 1859, is preserved 
in the collections of the 
Smithsonian Institution in 
Washington, DC. 


bly within the 18 to 47 years before his birth. 

The persistence of ~84% PCD ancestry in 
Mutton’s genome contrasts with the ubiq- 
uity of European ancestry that was present 
at that time in dogs brought over by colo- 
nizers and among the dogs that now popu- 
late the Americas (3). It indicates that Coast 
Salish peoples successfully maintained the 
genetic integrity of their dog lineage for a 
substantial period after first contact with 
colonizers. This, and the relatively limited 
differences identified between the two 
copies of each of Mutton’s chromosomes, 
echoes traditional knowledge collected as 
part of the study that indicates that the 
woolly dogs were bred in isolated pens on 
coastal islands to reduce the risk of cross- 
breeding with other dogs. 

Lin et al. also identified genes in which 
Mutton accumulated an excess of nonsyn- 
onymous mutations, which affect the en- 
coded protein and, thus, potentially have 
biological consequences. They filtered out 
genes showing nonsynonymous mutations 
in modern dog breeds and other PCDs to ob- 
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tain a candidate list of the genetic changes 
that are responsible for the hair phenotype 
of the Coast Salish dogs. A literature sur- 
vey revealed that 28 of the candidate genes 
were involved in hair follicle function and 
hair growth. These include KN motif and 
ankyrin repeat domains 2 (KANK2); the 
homologous human gene is involved in a 
rare congenital abnormality of the scalp 
that causes a “woolly hair” phenotype (4). 
However, the mutations that are associ- 
ated with hair modifications in modern dog 
breeds were largely absent from Mutton’s 
genome. Therefore, the Coast Salish com- 
munities crafted a lineage of Indigenous 
dogs with distinct biological characteristics. 
The precise timeline of this development is 
uncertain, but archaeological and genetic 
evidence suggest origins of the woolly dog 
dating back at least ~2000 to 5000 years. 

The study from Lin e¢ al. is exemplary for 
its engagement with local Indigenous com- 
munities. Traditional knowledge keepers 
were not just consulted for legal approval— 
a common concern for many studies—but 
their insights were recorded throughout the 
process as research material and directly 
embedded in the main text of the article. 
By doing this, the authors follow in the 
footsteps of another study published ear- 
lier this year in which a group of Western 
and Indigenous scientists worked together 
to confirm First Nations of the American 
Southwest as earlier users of horses than 
classically assumed (5). Both studies 
demonstrate the power of engaging with 
Indigenous communities and the enriched 
research experience it offers, from design to 
data interpretation and dissemination. 

In cross-cultural collaborations, mutual 
respect and equal footing are crucial fac- 
tors, and it is essential to acknowledge and 
address potential challenges. For instance, 
the sharing of traditional knowledge comes 
with responsibility and must follow tradi- 
tional protocols to ensure Indigenous sov- 
ereignty and avoid the misuse of informa- 
tion once disclosed. Indigenous concepts 
without an exact English translation may 
require nuanced explanations that are not 
always compatible with the word limita- 
tions of scientific publishing. Companion 
articles published alongside the original 
scientific article may offer better exposure 
for these explanations than supplementary 
materials (6). Furthermore, the publica- 
tion structure and formats established by 
Western science may not align with tradi- 
tional modes of oral transmission; direct 
quotes may help overcome this and ensure 
that Indigenous collaborators can speak in 
their own voices. 

Indigenous science embraces a consider- 
ably diverse array of dimensions, or realms. 


Therefore, there is no one-size-fits-all solu- 
tion when it comes to developing success- 
ful cross-cultural collaborations. However, 
studies like that of Lin et al. can provide in- 
spiring templates for scientists who are in- 
creasingly concerned about the risks of sci- 
entific colonialism and the adoption and/or 
replication of research practices that under- 
mine the contributions of their Indigenous 
partners (7). By acknowledging traditional 
knowledge as the product of a multigenera- 
tional peer-reviewing process within com- 
munities, these studies effectively share the 
scientific practice across the whole team, 
preventing an unbalanced power struc- 
ture. Applying these ethics to the study of 
animals, rather than just human ancestors, 
promotes a more holistic framework to ex- 
tend the focus of discussions for an ethical 
future of ancient DNA research (8-10). 

Dogs were first introduced into the 
Americas ~15,000 years ago (3), but 
European imperialism, which started 
in the Americas with the first voyage of 
Christopher Columbus in 1492, ultimately 
resulted in the extinction of the Coast 
Salish dogs. When the last of Mutton’s rela- 
tives lived remains unclear, but one study 
detected dog keratin peptides in the fibers 
of Coast Salish blankets that were made in 
1862 (17). Future work should focus on un- 
derstanding the collapse of the Coast Salish 
dogs and the broader extinction of PCDs 
as European dogs spread alongside their 
colonizing masters across the Americas. 
European colonizers also brought an array 
of other domestic species that originated 
on a different continent, with massive 
ecological and cultural repercussions that 
warrant attention. Research that views 
Indigenous communities as both agentive 
and resilient actors and investigates the 
way that they adapted their lifestyle in the 
face of oppressive and marginalizing poli- 
cies as well as widespread epidemics may 
offer models for dealing with upcoming en- 
vironmental crises. 


REFERENCES AND NOTES 


1. P.Cunningham-Smith, K. Emery, J. Ethnobiol. 40,409 
(2020). 

. A.Linetal., Science 382, 1303 (2023). 

. M.NiLeathlobhair et al., Science 361, 81(2018). 

. Y.Ramotetal., J. Med. Genet. 51,388 (2014). 

W.T.T. Taylor et al., Science 379, 1316 (2023). 

. M.Hunska TaSunke Icu et al., “Standing for Unéi Maka 
(Grandmother Earth) and all life: An introduction to 
Lakota traditional sciences, principles and protocols 
and the birth of anew era of scientific collaboration” 
(Maxwell Museum Technical Series no. 42, Maxwell 
Museum of Anthropology, 2023). 

. M.C. Avila-Arcos et al., Front. Genet. 13, 880170 (2022). 

. S.Alpaslan-Roodenberg et al., Nature 599, 41 (2021). 

. R.E. Fleskes et al., Annu. Rev. Genomics Hum. Genet. 23, 
627 (2022). 

10. E.Kowaletal., HGG Adv. 4, 100161 (2023). 

ll. C.Solazzo et al., Antiquity 85, 1418 (2011). 


AaRwhP 


or 


10.1126/science.adm6959 


15 DECEMBER 2023 * VOL 382 ISSUE 6676 1237 


INSIGHTS | PERSPECTIVES 


GLOBAL WARMING 


Coral reefs in peril in a record-breaking year 


Climate change and its impacts on coral reefs have reached unchartered territory 


By Ove Hoegh-Guldberg?, William Skirving?, 
Sophie G. Dove!, Blake L. Spady234, 

Andrew Norrie2%, Erick F. Geiger?>§, 

Gang Liu?, Jacqueline L. De La Cour?*, 
Derek P. Manzello? 


he upper ocean is undergoing un- 
precedented changes in conditions, 
ecosystems, and communities. These 
changes can be traced back to the early 
1980s, when mass coral bleaching first 
appeared. Marine heatwave (MHW)- 
driven events are strongly correlated with 
rising sea surface temperature (SST) and 
climate cycles such as El Nifo-Southern 
Oscillation (ENSO). SSTs in 2023 have been 
starkly different because extreme MHWs 
have engulfed much of the eastern tropical 
Pacific (ETP) and wider Caribbean. Many 
Caribbean reef areas experienced historically 
high heat stress that started much earlier (1 
to 2 months) and was sustained for longer 
than the usual recorded seasonal changes. 
Patterns of SST from the past 40 years indi- 
cate that unprecedented mass coral bleach- 
ing and mortality will likely occur across the 
Indo-Pacific throughout 2024. These trends 
will worsen unless greenhouse gas (GHG) 
emissions decrease, with coral-dominated 
ecosystems likely to face substantial losses, 
leading to long-term damage to ecosystems 
and people across Earth’s tropical regions (J). 
Earth experienced its warmest days since 
1910 in early July 2023, as well as the warm- 
est month for SSTs (see the figure and fig. S1). 
Anomalously high SSTs in the ETP and wider 
Caribbean are more extensive now than 
in any other year on record (which started 
in the early 1980s). Individual coral reefs 
reached record levels of heat stress up to 12 
weeks ahead of previously recorded peaks. 
Heat stress puts immense pressure on vital 
but fragile tropical ecosystems such as coral 
reefs, mangrove forests, and seagrass mead- 
ows. For example, Newfound Harbor Key, a 
coral reef in the Florida Keys, accumulated 


1School of the Environment, University of Queensland, St 
Lucia, QLD, Australia. *ReefSense, Townsville, QLD, Australia. 
3Coral Reef Watch, Satellite Oceanography and Climatology 
Division, Center for Satellite Applications and Research, US 
National Oceanic and Atmospheric Administration (NOAA), 
College Park, MD, USA. College of Science and Engineering, 
James Cook University, Townsville, QLD, Australia. °Earth 
System Science Interdisciplinary Center (ESSIC), University 
of Maryland, College Park, MD, USA. Cooperative Institute 
for Satellite Earth System Studies, University of Maryland, 
College Park, MD, USA. Email: oveh@uq.edu.au 


1238 15 DECEMBER 2023 + VOL 382 ISSUE 6676 


heat stress that was almost three times the 
previous record, with this occurring 6 weeks 
ahead of previous peaks (see the figure and 
fig. $2). This trend has occurred at all reefs in 
the Florida Keys and at many reefs through- 
out the wider Caribbean. 

Historical data suggest that the present 
MHWs that are occurring throughout the 
ETP and wider Caribbean will likely be the 
precursor to a global mass coral bleaching 
and mortality event over the next 12 to 24 
months as the El Nino phase of ENSO con- 
tinues. ENSO is a recurring climate pattern 
that involves periodic changes in the tem- 
perature of waters in the central and east- 
ern tropical Pacific Ocean, where El Nifio is 
a warm phase that causes higher SSTs and 
La Nifia is the cool phase. The difference be- 
tween each ENSO phase (a natural cycle) is 
being amplified by climate change (2). The 
present El Nifio conditions are predicted to 
persist for at least the first quarter of 2024. 
Since 1950, an El Nifio state that is present 
for the last 6 months of a given year and for 
at least 3 months in the following year has oc- 
curred seven times. In every instance except 
one, the second year was the warmer of the 
two; the cooling effect of the Mount Pinatubo 
eruption in the Philippines during June 1991 
thwarted this pattern in 1991-1992. Since 
1997, every instance of these El Nifio pairs led 
to a global mass coral bleaching and mortal- 
ity event. The global extent of heat stress is 
indicated by degree heating week (DHW). 
DHW is a satellite-based metric of heat stress 
that measures the accumulation of daily SST 
anomalies over a 12-week period, with values 
at or above 4 indicating coral bleaching (see 
the figure). Crucially, 2023 is the first year 
of a potential pair of El Nifo years with the 
warmest average global SST for February to 
July on record. 

Warming seas and associated MHWs dis- 
rupt the intricate balance of marine eco- 
systems, such as coral reefs, that affects 
the distribution, health, and abundance of 
many species and ecological processes. Mass 
coral bleaching occurs when corals become 
stressed from factors such as SST, which 
causes them to lose their brown microbial 
symbiont, turning them white. At low-stress 
levels, the symbionts may return to coral tis- 
sues over a few months. Increasingly, stress 
levels are killing corals irrespective of their 
bleaching status. Seabirds and marine mam- 
mals that require specific temperatures for 


breeding, feeding, and migration are also 
at risk, as are large-scale biogeochemical 
cycles, such as the nitrogen cycle that drives 
nutrient generation (J, 3, 4). Furthermore, 
the increased prevalence of harmful algal 
blooms and the spread of invasive species 
and diseases are additional consequences of 
warming seas, which can have cascading ef- 
fects throughout the food web and associated 
marine ecosystems. Outbreaks of coral dis- 
ease have occurred for months to years after 
all prior mass bleaching events in the wider 
Caribbean, which has often led to higher 
rates of mortality than the initial heat stress 
(5). These effects, coupled with the present 
record-breaking MHWs in the ETP and wider 
Caribbean, are a poignant reminder of the 
risks of unchecked GHG emissions and atten- 
dant global warming (3, 6). 

Until now, efforts to curtail GHG emis- 
sions to the Paris Agreement objectives (i.e., 
maintaining global warming well below 2°C 
and aligning with 1.5°C over the long term) 
are failing. Instead, the global temperature 
trajectory is trending toward a 3°C increase 
over preindustrial levels by 2100 (2). This 
spells dire consequences for coral reefs and 
many other ecosystems, given the ongoing re- 
percussions at 1.1°C of warming and the an- 
ticipated impacts that are likely at 3°C (2, 6). 

The persistence of coral reefs beyond the 
next few decades remains in serious jeopardy 
(3). Rising sea temperatures, coupled with 
other stressors such as ocean acidification 
and pollution, have severely weakened the 
resilience of coral reefs. Changes are insidi- 
ous yet fundamental. Limited reproductive 
success of corals has been documented in the 
wider Caribbean for more than 20 years (7), 


making these reefs more vulnerable to dis- . 


ease outbreaks and extreme weather events. 
For example, a single thermal event in the 
Galapagos Islands in 1982-1983 drove lev- 
els of coral mortality to 95 to 99% and the 
complete loss of coral reef structures over 10 
years with no recovery (8). Since May 2023, 
mass coral bleaching has occurred in multi- 
ple countries in the ETP (Mexico, Costa Rica, 
El Salvador, Colombia, and Panama) and in 
much of the Caribbean and Florida, which il- 
lustrates that a large-scale heat-stress event 
is underway. 

Higher bleaching tolerance within coral 
species or across reef zones is associated with 
generally modest increases in thermal toler- 
ance [i.e., +1°C in the Florida Keys (9)] or has 
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occurred in locations that have not yet expe- 
rienced the severe heat stress that is expected 
over the next few decades [e.g., Panama (J0)]. 
Furthermore, increased bleaching tolerance 
in corals because of an association with heat- 
tolerant algal symbionts (Durusdinium spp.) 
often comes with substantial physiological 
costs, such as reduced calcification and car- 
bon transfer (17). 

Some initiatives that focus on increasing 
bleaching tolerance through the introduction 
of heat-tolerance genes into natural popula- 
tions (“assisted evolution”) have shown some 
promise (72). However, scaling up such resto- 
ration efforts remains challenging, especially 
when bleaching resistance is not necessarily 
connected to coral survival (4, 13). The rap- 
idly increasing rate of SST rise exacerbates 
challenges because corals struggle to keep up 
with increasingly hostile conditions. As the 
intensity of MHWs has escalated, some his- 
torically dominant reef-building coral groups 
(e.g., staghorn Acropora species) have been 
observed to die abruptly (ie., they slough tis- 
sue) rather than die from the loss of symbi- 
otic dinoflagellates (through bleaching). 

Consequently, identifying reef stress 
through observations of mass coral bleaching 
(especially with aerial surveys) will become 
increasingly challenging as corals decrease 
and specific coral groups die without bleach- 
ing. Management metrics must also move 
from bleaching-dominated measurements to 
those that focus on the death of corals and 
downstream consequences. Better mortal- 
ity assessments require improvements in 
spectral analysis to separate skeletal epil- 
ithic algal growth from living coral tissue. 
Additionally, extension of the geographical 
scale and frequency of in-water reef surveys, 
by using advancements in robotics and im- 
age analysis through artificial intelligence, 
are needed. These improved in-water ob- 
servations will also provide an important 
resource for improving satellite monitoring 
products. Stress monitoring metrics, such as 
DHW, would benefit from improved spatial 
and temporal resolution (e.g., to 100-m reso- 
lution at subdaily timescales). Large-scale 
coral mortality is much more destructive to 
reefs than large-scale bleaching. Dead coral 
skeletons are broken down by the combined 
effects of physical, biological, and chemical 
erosion, with recovery impeded by the insta- 
bility of the resulting reef framework. As the 
architecturally complex, three-dimensional 
reef structures are eroded, the vital habitat 
that many coral reef-associated species de- 
pend on disappears, leading to ecosystem col- 
lapse (4). Importantly, this could undermine 
the persistence of as much as 25% of ocean 
biodiversity (2). 

New approaches and strategies are ur- 
gently needed to mitigate the impacts of cli- 
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Coral heat stress 


Average global ocean temperature anomalies from February to July each year (1910 to 2023) are increasing. This 
is coupled with increased periods of degree heating weeks (DHW) =4 (when coral bleaching is likely to occur). Data 
are from the National Oceanic and Atmospheric Administration (NOAA; www.ncei.noaa.gov), using climatology 


between 1901 and 2000 as the reference. 
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At Newfound Harbor Key, annual sea surface temperature (SST) and DHW show substantial increases between 
1985 and 2023. Data are from the NOAA's Coral Reef Watch version 3.1 (https://coralreefwatch.noaa.gov). 


Bleaching alert levels for 2023 
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mate change, which have been recognized as 
a major threat to coral reefs for more than 
40 years (1). Given the magnitude and speed 
of the changes to oceanic conditions, a com- 
prehensive system should integrate measures 
to reduce GHG emissions and limit further 
warming and acidification of the oceans. 
Additionally, efforts to enhance the resilience 
of marine ecosystems, including protecting 
critical habitats and refugia, are equally im- 
portant. Actions must integrate marine- and 
land-based approaches, including establish- 
ing and enforcing regulations within pro- 
tected areas, promoting sustainable fishing 
practices, and reducing coastal pollution (2, 
14). Adaptive management practices are also 
crucial, given rapid environmental changes. 
Monitoring programs that track oceanic con- 


DHW (°C) 


ditions, ecological indicators, and species dis- 


tributions can provide valuable insights for . 


decision-making and conservation planning. 
Furthermore, fostering international collabo- 
ration and knowledge exchange is essential 
for sharing best practices, lessons learned, 
and technological innovations that can aid in 
preserving marine ecosystems. 

Identifying and safeguarding coral reef 
sites that are least exposed to climate change 
offers a scalable and targeted response that 
can assist in prioritizing investments and 
guiding adaptive management. Climate expo- 
sure varies between locations owing to local 
oceanography and other factors (5). Reefs 
that are the least exposed to ocean warming 
can be prioritized and protected from stress- 
ors unrelated to climate change, such as pol- 
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lution, overfishing, and unsustainable coastal 
development. Once climate conditions stabi- 
lize, less-exposed reefs could serve as a source 
of reproductive materials (larvae), aiding cor- 
als in reclaiming these invaluable tropical 
seascapes (75). Such strategizing assists in 
addressing the scaling challenge, particularly 
with the limited resources available to man- 
age the vast expanses of coral reefs that are 
being affected globally. 

Given the complex and interconnected na- 
ture of marine ecosystems such as coral reefs, 
a comprehensive approach is necessary for 
mitigating the impacts of changing oceanic 
conditions. This approach should include 
rapid and scalable efforts to reduce GHG 
emissions as a global emergency, thereby 
limiting further warming and acidification of 
the oceans. Simultaneously, exploring tech- 
nologies for preserving coral stocks and other 
important reef organisms for future dissemi- 
nation is critical. It is essential to remain 
open-minded to new ideas while acknowl- 
edging the challenges inherent in addressing 
the global issues facing coral reefs at the ap- 
propriate scales and costs. Nonetheless, swift 
action needs to be taken to safeguard 25% 
of ocean biodiversity and the future of more 
than half a billion people worldwide who de- 
pend on coral reefs. 
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ASTRONOMY 


The drivers of massive 


star evolution 


An elusive population of stripped binary stars 


is finally revealed 


By Jon Sundqvist and Hugues Sana 


Ithough the Sun appears lonely in 

space, most stars born with higher 

masses are locked into cosmic 

dances with at least one companion 

(1). This pairing, however, comes 

neither without risk nor without 
consequence. Theoretical models predict 
that for many stars with birth masses 8 to 
25 times that of the Sun, their outer lay- 
ers are stolen by nearby partners (2). Yet 
despite the high predicted numbers, detec- 
tion of such stripped stars has been elu- 
sive. On page 1287 of this issue, Drout et 
al. (3) report electromagnetic observations 
that finally reveal the missing population, 
confirming a key prediction of binary star 
evolution. Additional analysis of the stars’ 
physical properties by G6tberg et al. (4) 
further supports the idea that these sys- 
tems are progenitors to neutron star bina- 
ries, including those recently detected by 
their bursts of gravitational waves. 

Stars come to life within contracting gas 
clouds in interstellar space. Most are born 
with masses around or lower than that of 
the Sun. Occasionally though, the stellar 
nursery produces much more massive and 
luminous objects. Unlike the Sun, which 
will shine for another 5 billion years, these 
cosmic beasts live fast and die young, ex- 
hausting their nuclear energy source in 
just a few million years (5). Across the 
Universe, these rare massive stars serve as 
beacons of light, powering galaxies such as 
the Milky Way and allowing astronomers 
to observe stars at cosmological distances 
(6). A quantitative understanding of how 
massive stars live and die is thus impor- 
tant well beyond stellar physics, influenc- 
ing research fields as diverse as the evolu- 
tion of galaxies and the early cosmos, the 
origin and frequency of gravitational wave 
bursts, and the production of chemical ele- 
ments essential for life. 

In the classical picture of massive star 
evolution, a star is born in isolation and 
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lives most of its life fusing hydrogen within 
its deep core. From the outside, it looks 
bright and blue because of its hot surface 
temperature of several 10,000 K. When 
core-hydrogen becomes depleted, the star 
expands, and its outer layers cool off. 
Depending on the exact mass and detailed 
physics (much of it still insufficiently un- 
derstood) of the stellar interior, surface, 
and gas outflow, the evolved object may 
then directly explode as a supernova or 
shrink and heat up again before meeting 
its demise (3, 5). Either way, the massive 
star ultimately ends up as a tiny and dense 
neutron star or a black hole, alone in a 
dark cosmos. 

Over the past years, however, evidence 
has accumulated that this basic sce- 
nario may need considerable revision (7). 
Interactions between the individual com- 
ponents of massive binary systems are 
now believed to both be very common and 
have profound implications for stellar life. 
In tight binary systems, large amounts of 
mass can spill over from one object to the 
other, substantially altering the mass of 
both stars. Because mass is the overarch- 
ing parameter controlling evolution, the 
life cycles and final fates of these interact- 
ing stars can deviate considerably from the 
classical scenario. The net results of such 
binary interactions are diverse (8) and de- 
pend on quantities such as the initial sepa- 
ration and masses of the interacting stars 
as well as their internal, surface, and out- 
flow structures. 

One of the most robust predictions of the 
influence of a close binary companion on 
massive star evolution is the existence of a 
population of stars that have been stripped 
of their hydrogen-rich envelopes by the 
nearby companion (8). Although stripped 
stars have been observed at the uppermost 
end of the mass spectrum (9), the expected 
large population of objects produced from 
stars with 8 to 25 solar masses at birth has 
never been observed. This is not a trivial 
issue because it is in this mass range that 
one expects to find most progenitors of 
hydrogen-deficient supernovae, binaries 
emitting fiercely in high-energy x-rays, 
and gravitational wave mergers involving 
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neutron stars. The question has thus been 
whether this lack of detection points to- 
ward some fundamental flaw in the theo- 
retical predictions or whether the stars are 
simply difficult to detect. 

Before the study of Drout e¢ al., only 
one candidate existed in this stellar mass 
range. However, the peculiar spectral fea- 
tures of that star were shown to be linked 
to the presence of an exceptionally strong 
magnetic field (0). A handful of inflated, 
recently stripped stars have also been 
identified, but these have not yet reached 
their hot and compact, long-lived phase 
(11). Thus, these previous detections could 
not be used as general verification of the 
missing population. Using ultraviolet (UV) 
observations of the Magellanic Clouds, 
two small satellite galaxies to our Milky 
Way, Drout et al. developed new diagnos- 
tics to separate the hot and faint stripped 
stars from the rest of the stellar popula- 
tion. They identified 26 candidates from a 
sample of more than 500,000. The authors 
then obtained optical data for the candi- 
dates, sorting them into three different 
categories (see the figure). 

Gotberg et al. used spectral line diagnos- 


tics to confirm the predicted hot surface 


Stripped stars 
Three categories of stripped-star binary systems can be distinguished by optical appearance. The 
optical light is dominated by the stripped star in class 1 systems and by the companion in class 3 
systems; in class 2 systems, both stars contribute approximately equally. The nature of the companion 
star for class 1 systems remains unknown. 


Class 


1 The optical spectrum is dominated 
by the stripped star. The companion 
is much dimmer, and its nature 
remains uncertain. Possibilities 
include a low-mass main-sequence 
star, another faint stripped star, or 
even a neutron star. 


2 The optical spectrum shows 
signatures of both a hot stripped star 
and a cooler companion. The 
companion is likely an intermediate- 
mass main-sequence star roughly as 
bright as the stripped star. 


3 The optical spectrum is 
dominated by the companion. 
The stripped star is only revealed 
by its ultraviolet properties. 
The companion is likely a 
main-sequence B-type star. 
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Stripped star 


temperature, high surface gravity, and low 
hydrogen content. Moreover, the authors 
showed that the optical spectra of stripped 
stars in this range are dominated by lines 
in absorption, in stark contrast to the 
emission line spectra of known stripped 
stars with higher masses and luminosities 
(9). The reason for this shift in spectral ap- 
pearance is that for objects with very high 
luminosity, the force exerted on the gas 
by stellar photons is so high that a strong 
wind outflow is launched beneath the visi- 
ble surface; all we observe from the outside 
are emission lines originating in the fast, 
outflowing gas. By contrast, the stripped 
stars detected by Drout et al. have much 
lower luminosities, resulting in weaker 
winds launched from above the surface 
(12). Consequently, the optical line spectra 
of these intermediate-mass stripped stars 
shift to being mostly in absorption, and 
this is likely one of the reasons why they 
have been so difficult to identify. Moreover, 
because the winds are weak, the masses of 
these stripped stars are not expected to de- 
crease much more, and their orbits not ex- 
pected to expand. This suggests that most 
of them will collapse into neutron stars or 
black holes, making them excellent progen- 
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hydrogen 
envelope 
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itor candidates for hydrogen-poor superno- 
vae and gravitational wave mergers (13). 

The discovery of stripped stars in the 
Magellanic Clouds paves the way for more 
observational work. For example, a key 
next step will be to constrain the orbital 
properties of the detected stars. This in- 
formation, combined with more detailed 
characterization of the physical param- 
eters (mass, temperature, luminosity, mass 
loss) of the stripped stars, should indi- 
cate the type of binary interaction that 
led to the envelope stripping of the three 
different categories of binary systems. 
Furthermore, thousands of stripped stars 
are predicted to exist in the Magellanic 
Clouds and the Milky Way (/4), making it 
reasonable to expect that the objects iden- 
tified by Drout et al. are only the tip of the 
iceberg. Challenges in detecting the ex- , 
pected larger populations include obtain- 
ing sharper images from denser regions in 
the sky (where more stars may reside) and 
gaining a better understanding of inter- 
stellar extinction (which can rapidly dim 
UV stellar light). Additionally, these stars 
emit most of their radiation in the far UV, 
but observing facilities that are focused on 
this electromagnetic window are scarce 
(and will become scarcer still when the 
long-standing Hubble Space Telescope is * 
finally decommissioned). Ensuring access 
to the high-quality observing capabilities 
required to characterize stripped stars is 
an important science driver behind the 
UltraViolet Explorer (UVEX) (J4), a con- 
cept mission under evaluation at NASA. 
Only with such a facility can stellar binary 
interaction products be examined system- 
atically, to obtain quantitative constraints 
on evolution and end-of-life models. This ‘ 
is critical not only for quantifying stellar . 
life now but also for understanding the 
stellar populations in the early Universe 
that are now being detected by the JWST. 
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lmmunotherapies for Alzheimer’s disease 


Antibodies targeting amyloid-B aggregates slow decline in Alzheimer’s disease 


By Todd E. Golde and Allan I. Levey 


hree monoclonal antibodies—adu- 

canumab, lecanemab, and _ don- 

anemab—that target amyloid-B (AB) 

deposits in the brain slow cognitive and 

functional decline in early Alzheimer’s 

disease (AD) (7-3). The data from the 
phase 3 clinical trials in mildly symptomatic 
individuals with AD demonstrate that AB re- 
duction has modest clinical benefit. This sup- 
ports the central tenet of the amyloid cascade 
hypothesis (ACH), which proposes that AB 
deposits play a causal, initiating role in AD. 
However, they also show that targeting AB de- 
posits in the symptomatic stage of the disease 
is not a panacea—a finding that is neverthe- 
less consistent with the presumed initiating 
role of AB aggregation in AD pathogenesis. 
Further, the studies highlight the pivotal role 
for imaging and fluid biomarkers in develop- 
ing disease-modifying therapies (DMTs) for 
AD. Unanswered questions, including those 
around differences between the treatments, 
long-term benefits, and the risk-benefit ratio 
in real-world populations, remain. 

For decades, targeting AB has been a foun- 
dational approach for developing AD DMTs 
(4). After numerous clinical failures with 
various treatment approaches, supporters of 
AB as a target and of the ACH worried that it 
might not prove feasible to target AB—even 
if it did play a seminal triggering role in AD. 
Target engagement and safety issues plagued 
many previous efforts. Further, many worried 
that targeting AB in the symptomatic phase 
of AD, in which substantial neurodegenera- 
tion is present, might not provide benefit (5). 
Indeed, AB aggregation and deposition be- 
gins 2 to 3 decades before symptom onset 
(6) and is followed by other pathological 
changes, including the accumulation of hy- 
perphosphorylated tau protein. 

In patients with very early cognitive im- 
pairment caused by AD, aducanumab, lec- 
anemab, and donanemab are far from cura- 
tive, but they all slow cognitive decline by 
~25 to 30% over 18 months. The treatments 
are also associated with marked reductions 
in biomarkers of AD pathology, including 
brain amyloid positron emission tomography 
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(PET) and concentrations of phosphorylated 
tau in cerebrospinal fluid or blood plasma (2, 
3). These monoclonal antibodies have some 
differentiating properties (7). However, they 
share the ability to preferentially bind de- 
posited AB and activate immune clearance 
mechanisms (see the figure). These common 
properties likely underlie their effects on AD 
biomarkers and clinical progression as well 
as their adverse effects. Given the lack of ef- 
ficacy reported for antibodies with specificity 
for soluble Af, selective targeting of depos- 
ited, aggregated AB seems to be requisite for 
efficacy, although targeting of oligomeric as- 
sembles could still play a role in treatment. 
Aducanumab and lecanemab bind AB aggre- 
gates with a higher degree of affinity com- 
pared with monomer. Donanemab targets 
a pyroglutamine modification in AB species 
that are enriched in Af deposits. The trial re- 
sults for each antibody are more similar than 
they are different (<10% difference in the 
rate of slowing), so it is difficult to conclude 
whether the treatments are truly distinct in 
terms of clinical effect or whether factors be- 
sides the antibody binding properties influ- 
enced the relative strength of the clinical trial 
data. Future studies of these antibodies could 
reveal whether different biological properties 
mediate differences in long-term efficacy. 

These trials provide strong evidence that 
reduction of brain AB in early symptomatic 
AD has a positive, but modest, clinical effect. 
This is bolstered by data from the donanemab 
trial showing that 47% of treated participants 
in the earliest disease stage had no clinical 
progression after 1 year versus 29% on pla- 
cebo (2). However, the notion that other pa- 
thologies triggered by AB aggregate accumu- 
lation become self-reinforcing as symptoms 
emerge is supported by the observation that 
on average there is ongoing clinical decline 
during treatment despite nearly complete 
elimination of AB deposits, as assessed by 
PET imaging (8). 

The clinical successes of aducanumab, 
lecanemab, and donanemab in AD now 
raise numerous questions. For example, will 
earlier treatment have a bigger effect? If AB 
deposition is the causal trigger, then clear- 
ing AB deposits before other pathological 
features of AD emerge should be an effective 
prophylactic (preventive) therapy. Data from 
the donanemab phase 3 study may offer some 
clues because imaging biomarkers were used 
to evaluate two groups of participants with 


confirmed brain AB (AB positivity)—one with 
low-to-moderate amounts of pathological tau 
deposits and another with high amounts of 
tau deposits (2). Treatment showed greater 
benefit in the group with low-to-moderate 
tau compared with those with higher tau. 
These data suggest that treatment in those 
with more pathological burden is less ef- 
fective. So, might even earlier treatment be 
better? Initial prevention trials of leceanemab 
and donanemab are underway primarily in 
AB -positive, congitively normal individuals. 
Most data from the phase 3 trials of adu- 
canumab, lecanemab, and donanemab in- 
form on changes during 18 months of treat- 
ment. Several possibilities beyond 18 months 
can be envisioned. In the best case, the slopes 
of decline continue to diverge between treat- 
ment and placebo groups. Thus an ~25% 
slowing of decline at 18 months might trans- 
late to an ~50% slowing at 3 years. A less 
promising scenario is that the benefit ob- 
served at 18 months is stable, but afterward, 
decline progresses as in the placebo group. A 
third scenario is that the effect is transient, 
and after 18 months, the differentiation be- 
tween treatment and placebo groups dimin- 
ishes. Real-world clinical experiences will 
help to distinguish among these possibilities. 
In the US, data on individuals receiving the 
antibodies are being collected in registries. 
The overall effects of treatment are im- 
portant to track, but assessing changes on a 
more individual basis is important as well. In 
cancer, many drugs are approved with mod- 
est effects on overall survival, but over time, 
data emerge showing exceptional responses 
in select individuals who are cured or are in 
very-long-term remission. So, are there simi- 


lar responders to these immunotherapies . 


who show very little cognitive decline over 
extended periods of time? Given the wide 
variance in the rate of decline in early symp- 
tomatic AD, an answer to this question will 
likely take many years of follow up. Long- 
term effects and analyses of responses across 
individuals and subgroups will heavily influ- 
ence the overall view of the efficacy of these 
drugs and patient selection. 

How safe are these antibodies? All are 
associated with an increase in abnormal 
brain magnetic resonance imaging findings. 
These are referred to as two types of amy- 
loid-related imaging abnormalities (ARIAs): 
ARIA-E (edema in the brain parenchyma or 
sulcal effusion—i.e., extravasated fluid in the 
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leptomeninges along the sulcal spaces) and 
ARIA-H (hemosiderin deposits resulting from 
red blood cell breakdown products—i.e., mi- 
crohemorrhages) (9). Although the incidence 
of ARIAs is increased by antibody treat- 
ment and is observed in roughly one-third of 
treated participants, in most individuals, it is 
asymptomatic. If symptoms do arise (e.g., in 
6% of treated participants in the donanemab 
phase 3 study), these are typically mild (e.g., 
headache, confusion, or dizziness). However, 
in rare cases, more-severe consequences arise 
(e.g., large hemorrhage in <1% of treated 
participants), and several deaths have been 
attributed to antibody-induced severe ARIA 
(10). In all clinical trials of the three antibod- 
ies, ARIA was more frequent in the first 6 
months of treatment but can occur later, and 
incidence is approximately three- to sixfold 
higher in individuals carrying the 
€4 allele of the apolipoprotein E 
(APOE) gene (1-3) (the most com- 


imaging biomarker findings (high amyloid 
and low-to-moderate tau) resulted in a posi- 
tive trial outcome (17). These biomarkers also 
help to guide dosing and treatment duration, 
especially in early-phase clinical trials. 

Will similar benefits and risks of these 
anti-AB immunotherapies be realized with 
real-world application? A glaring weakness 
of many of these trials was the lack of racial 
diversity among trial participants. Concerted 
efforts to study these agents in diverse popu- 
lations using rigorous personalized medicine 
approaches (i.e., biomarkers) are needed (12). 
Careful monitoring of patients in these trials 
as well as exclusion criteria designed to limit 
exposure of individuals potentially at risk of 
side effects likely helped to limit severe ad- 
verse events. As these therapies are given to 
real-world populations, careful monitoring is 


needed to ensure that the probability of se- 
rious adverse events remains low. Given the 
modest benefits of treatment, a substantial 
increase in such events will raise questions 
about real-world benefit versus risk. 

Can treatment be improved? Although 
these immunotherapies are not panaceas, 
they are a first step toward the goal of either 
preventing AD or halting cognitive decline. 
Better DMTs for AD must be developed. With 
respect to these or next-generation AB immu- 
notherapies, it will be key to develop treat- 
ments that are less expensive, safer, more 
scalable, and more accessible. In the US, 
aducanumab, lecanemab, and donanemab 
each have an annual cost of $26,500, but 
associated imaging and monitoring means 
that costs for a year of treatment may exceed 
$75,000. All three monoclonal antibodies are 
administered through _ intra- 
venous infusions. Therefore, a 
pragmatic advance would be to 


mon genetic risk factor for AD). 

What are the biological mecha- 
nisms underlying ARIA, and can it 
be predicted and prevented? Data 
from trials of antibodies targeting 
AB suggest that ARIA may be a re- 
sult of antibody engagement of AB 
deposits in the cerebrovascular 
system and resultant activation 
of immunologic cascades or per- 
haps weakening of vessels as AB 
is cleared. AB-targeting antibod- 
ies that did not bind AB deposits 
or had reduced effector functions 
did not increase rates of ARIA 
(4). Future studies are needed to 
understand the biological mecha- 
nisms of ARIA and whether it is 
linked to AB clearance. 

Is it possible to optimize the 
clinical implementation of DMTs 
for AD by using biomarkers and 
genetic data to identify individu- 
als most likely to benefit consider- 
ably from treatment? The answer 
is yes. Stratification of patients on 
the basis of disease stage as estab- 
lished through biomarkers and 
factoring in genetic risk (APOEe4 
status) provides clear evidence 
that individualized disease stag- 
ing affects the overall effect size of 
the treatments. Such biomarkers 
also inform on risk for side effects, 
target engagement, and effects on 
the brain that may provide hints 
of long-term benefits and possible 
unexpected negative properties 
(e.g., increased rates of brain vol- 
ume loss). Indeed, phase 2 stud- 
ies of donanemab clearly showed 
that inclusion criteria based on 


SCIENCE science.org 


Antibodies mediate removal of amyloid-B 

In Alzheimer's disease, deposition of amyloid-8 (AB) triggers a complex 
cascade of events that includes the development of tau pathology and results 
in neurodegeneration and cognitive impairment. Targeting AB with monoclonal 
antibodies decreases brain AB concentrations, as assessed by positron 
emission tomography, and modestly slows cognitive decline in individuals with 
early symptomatic Alzheimer's disease. The antibodies also lower amounts 

of phosphorylated tau in the blood (a biomarker of Alzheimer's disease). At a 
mechanistic level, the antibodies are thought to induce clearance of plaques by 


microglial cells, although this has yet to be confirmed. 
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improve the potency so that im- 
munotherapies can be delivered 
subcutaneously or require fewer 
infusions, which would reduce 
cost and thereby increase access. 

Longitudinal, omic-based 
exploratory biomarker  stud- 
ies along with rigorous post- 
mortem analyses of the brains 
of individuals after treatment 
could provide a clearer picture 
of the biology underlying the 
benefit and risk of treatment. 
Although supported by some 
evidence, the concept that de- 
posited AB target engagement 
by an immune-activating an- 
tibody results in microglial 
clearance has not been defini- 
tively proven. Obtaining precise 
mechanistic data from humans 
could guide the development of 
an immunotherapy that does 
not induce ARIA but still shows 
clinical benefit. Indeed, it is still 


not known at a detailed patho- . 


logical and omic level what hap- 
pens to the brain when amyloid 
is reduced by these immuno- 
therapies (13) or even the true 
extent to which deposited A is 
reduced when assessed patho- 
logically and biochemically in 
post-mortem brain tissue. 

These positive data and the 
need for global scaling should 
engender rethinking about ac- 
tive vaccines targeting AB de- 
posits (4). The first trial of an 
active vaccine for AD (AN-1792) 
was halted because it resulted in 
severe meningoencephalitis in 
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~6% of participants, and only 20% of partici- 
pants showed a strong antibody response to 
AB. Might it be possible to generate a vaccine 
that can induce a robust antibody response 
that specifically targets deposited AB with- 
out causing severe side effects (7)? Efforts are 
ongoing to develop active vaccines targeting 
AB. Although several of these vaccines cur- 
rently in trials appear to be safe, it is unclear 
whether they robustly induce the production 
of antibodies that can selectively target de- 
posited AB. In any case, a safe and effective 
vaccine could be used prophylactically at a 
fraction of the cost of monoclonal antibodies. 
More generally, the data speak to the need 
for non-amyloid-targeting DMTs and better 
therapies for the symptoms of the disease. 
More substantial clinical benefits might be 
anticipated by treatments that ameliorate 
other pathophysiological processes involved 
in AD, such as neurofibrillary tangle forma- 
tion, synapse loss, neuroinflammation, meta- 
bolic failure, and cell death. Even if one day 
AD is preventable, millions of people will 
develop symptomatic AD before then (J4). 
Therefore, interventions, perhaps even com- 
bination therapies, that more substantially 
alter disease progression must be developed. 
Many factors contribute to cognitive resil- 
ience and cognitive decline in late life, some 
of which may have little to do with the hall- 
mark pathologies of AD (8, 15). Given this 
complexity, biomarker-guided personalized 
medicine approaches will likely be para- 
mount for the development of the next gen- 
erations of AD therapies and, more broadly, 
dementia therapies. Hopefully the lessons 
learned from previous failures and suc- 
cesses for AD DMTs can be pragmatically 
applied to streamline therapeutic discovery, 
development, and clinical testing. & 
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No room at the table 


The gut microbiota prevents 


infection by crowding out pathogens 


By Lauren C. Radlinski and 
Andreas J. Baumler 


vital role of the gut microbiota is to 

defend the host from infection with 

pathogens through a process called 

colonization resistance. For example, 

mice raised without a microbiota are 

viable in their sterile isolators but 
rapidly succumb to infection when exposed 
to the outside world. Similarly, disrup- 
tion of gut microbiota in patients through 
treatment with antibiotics incurs the risk 
of subsequent life-threatening opportunis- 
tic infection. Despite its importance, what 
constitutes a protec- 
tive microbiota and the 
types of communities 
involved are poorly un- 
derstood. On page 1259 
of this issue, Spragge 
et al. (1) take a system- 
atic approach to de- 
termine the functional 
characteristics of a 
protective microbiota, 
and apply these find- 
ings towardpredicting 


bacterial communi- 
ties that guard against 
important human 


pathogens. As a result, 
the authors integrate 
decades of descriptive 
studies into a mecha- 
nistic understanding of 
how microbe-microbe 
interactions influence human health. This 
could guide the rational design of probiotic 
communities that confer protection against 
opportunistic infection. 

There has been a substantial effort to as- 
sociate microbial community composition 
with health and disease. Yet, despite the 
abundance of data generated by advance- 
ments in sequencing technologies, it re- 
mains unclear what constitutes a “healthy” 
microbiota or how to define an impaired 
one. This information would make it pos- 
sible to predict susceptibility to opportu- 
nistic infection by metagenomic analysis of 
patient feces. Studies have long hinted at a 
correlation between microbial community 
diversity and host health, without a clear 
explanation as to why (2). Spragge et al. 


Colonization of pathogens, such as 
Salmonella enterica serovar 
Typhimurium, may be resisted by microbiota 
that consume the same nutrients. 


sought to identify the underlying ecologi- 
cal principles behind these observations, 
rather than focusing on specific bacterial 
species, which may differ amongindividu- 
als. Through in silico and in vitro analysis 
of carbon sources used by individual mem- 
bers of defined microbial consortia, they de- 
termined that complex communities confer 
colonization resistance by depleting all the 
resources required for growth of an oppor- 
tunistic pathogen, such as Klebsiella pneu- 
moniae, or a pathogen, such as Salmonella 
enterica serovar Typhimurium. The overlap 
of nutritional requirements was greatest 
between these pathogens and related spe- 
cies within the micro- 
bial consortia, such 
as Escherichia coli, 
thus making the lat- 
ter a keystone species 
for colonization resis- 
tance. However, this 
keystone species was 
only important in the 
context of a diverse 
community. This sug- 
gests that colonization 
resistance results from 
complex, “higher- 
order” effects that oc- 
cur when interspecies 
interactions are influ- 
enced by the larger 
microbial community 
(see the figure). 
Current probiot- 
ics are often simpli- 
fied combinations of species that have a 
loose association with health. The efficacy 
of these probiotic interventions after anti- 
biotic therapy are controversial, because 
they can interfere with microbiota reconsti- 
tution (3, 4). Spragge et al. show that the 
nutritional requirements for pathogens and 
probiotic species are often very different, 
and in cases where competitors share simi- 
lar nutritional niches, probiotic-pathogen 
competition is only protective in the context 
of a diverse community. The authors mined 
existing repositories of human-derived mi- 
crobial genomic sequences to identify com- 
munities with sequence overlap to relevant 
pathogens (such as £. coli) and accurately 
predict species that curb pathogen growth. 
This suggests that probiotic communities 
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Resisting colonization by pathogens 

Colonization resistance against opportunistic pathogens is mediated by a diverse microbiota community that has 
substantial niche overlap. Without the protection of a microbiota, opportunistic pathogens grow unhindered within 
the host (1). Individually, the presence of a single keystone species that has considerable nutritional overlap with the 
pathogen (2) or a diverse community of unrelated commensal species (3) is insufficient to curb pathogen growth. 
However, interspecies competition between related species in the presence of a diverse community is sufficient to 
confer colonization resistance to protect the host from infection with opportunistic pathogens (4). 


1 Pathogen 


2 Pathogen + 
keystone species 


can be tailored to protect patients at high 
risk of certain infections, for instance, after 
completing antibiotic therapy in a hospital. 
An interesting observation from the 
study of Spragge et al. was that supple- 
menting mouse feed with resources that are 
only accessible to the pathogen, such as the 
sugar alcohol galactitol, could circumvent 
an otherwise protective microbiota by pro- 
viding a nutrient only the pathogen could 
use. This aligns with recent reports that 
sugar alcohols fuel the bloom of pathogenic 
organisms, even in the presence of an intact 
microbiota (5) and is of particular interest 
considering the recent rise in popularity of 
sugar alcohols as noncaloric substitutes for 
simple sugars. Sugar alcohols, such as man- 
nitol, isomalt, and sorbitol, are sweeteners 
that reduce the caloric content of food, but 
may come at the cost of providing patho- 
gens a fitness advantage to invade and dis- 
rupt an otherwise stable community. 
Similarly, pathogens such as Salmonella 
actively modulate the host environment 
during the course of infection because in- 
testinal inflammation generates new car- 
bon sources in the gut (6-8). Furthermore, 
when Salmonella induces gastrointestinal 
inflammation, the availability of oxygen and 
nitrate increases and permits the pathogen 
to gain a competitive advantage over resi- 
dent bacteria through aerobic respiration 
(9). A limitation of the study by Spragge et 
al. is that by using an avirulent mutant of 
Salmonella to infect mice, the authors do 
not account for an increased availability of 
respiratory electron acceptors, such as oxy- 
gen and nitrate, which changes the redox 
reactions that can be used to catabolize car- 
bon sources during Salmonella-induced gut 
inflammation. These changes would likely 
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3 Pathogen + 


4 Keystone species + 


diverse community diverse community 


not be accounted for during the Biolog plate 
assays the authors performed, but may show 
up in the sequence-based analysis for identi- 
fying metabolic overlap. E. coli, for instance, 
shares several oxygen- and nitrate-depen- 
dent metabolic pathways with Salmonella, 
which have been shown to be important for 
colonization resistance against Salmonella 
during host inflammation (J0-12). Further 
investigation is required to determine how 
conclusions about opportunistic pathogens, 
such as K. pneumoniae, can be extrapolated 
to pathogens, such as Salmonella, which 
use their virulence factors for ecosystem 
engineering. 

Spragge et al. demonstrate that it is pos- 
sible to apply simple ecological principles 
to gain a better understanding of the inter- 
species interactions that take place within 
the gut microbiome. Moving forward, it 
will be interesting to see if these govern- 
ing principles hold for other tissues of the 
body that house a microbiome, as well as 
how host dynamics, such as inflammatory 
responses, influence these higher-order in- 
teractions. Given widespread antibiotic re- 
sistance, improved predictive tools such as 
that developed by Spragge et al. could allow 
clinicians to administer tailored probiotic 
communities that prevent difficult or im- 
possible-to-treat infections from occurring 
in the first place. 
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EVOLUTION 


Tracing the 
origin of 
virulence 


Microbial genomes from 
ancient chickens uncover 
the drivers of pathogenicity 


By Sebastian Duchene!2 


nalyzing the genomes of ancient 
pathogens has revolutionized the 
understanding of how they originate 
and spread. Most of this work has 
concentrated on human pathogens, 
but there is an increasing need to 
explain the origin of infectious disease in 
wildlife and domesticated animals (7). On 
page 1276 of this issue, Fiddaman et al. 
(2) obtain the genomes of Marek’s disease 
virus (MDV) from chicken remains from 
as long ago as the 10th century. This virus 
was described in the early 1900s as the 
causative agent of a mild tumor disease in 
poultry, but from the 1950s, the virus was 
found to produce very high mortality rates 
in unvaccinated chickens. The authors found 
that MDV has circulated in poultry for at 
least 1000 years but only acquired genetic 
changes for increased virulence in the past 
century. The work provides vital information 
on how pathogens persist in host populations 
and how ecology can drive pathogenicity. 
The past decade has seen a surge in the 
genomic sequencing of ancient microbes, 
largely owing to advances in sequencing 
technologies (3, 4). Phylogenetic analyses can 
position ancient microbes in an evolution- 
ary and chronological context with respect 


to modern pathogens (5, 6). The recovery of . 


genomes from Mycobacterium tuberculosis, 
the bacterium responsible for tuberculosis, 
from precolonial mummies revealed that the 
modern strains and those that circulated in 
humans in precolonial America are inter- 
mingled with strains that infect a range of 
mammals, including some pinnipeds and 
ungulates. This observation indicates a po- 
tential role for repeated zoonotic spillovers 
(in which animal pathogens become capable 
of infecting humans) (7). 
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An increase in virulence of Marek’s disease coincided with the growth of domesticated chicken populations. 


Obtaining ancient genomes from viruses 
is generally more challenging than for bacte- 
ria and multicellular organisms because vi- 
ral genetic material can more easily degrade 
and is of lower abundance (3). However, nu- 
merous recent studies have generated such 
data for viruses with both DNA and RNA 
genomes (4). In 2018, analysis of hepatitis 
B viral genomes from humans from 400 to 
10,500 years ago supported a long-term asso- 
ciation between this pathogen and humans, 
with some lineages of the virus present in 
human populations for at least 11,000 years 
(8). Similarly, the sequencing of viral samples 
from the 1918 to 1920 influenza pandemic re- 
vealed an avian origin of the virus with key 
adaptations to mammalian hosts (6). 

Determining the timescale of evolution 
of many pathogens has only been possible 
through the analysis of ancient samples. 
However, an emerging question that war- 
rants attention is when and how virulence, 
the ability of an organism to infect a host and 
cause disease, is shaped over time. Ancient 
genomics allows genomic regions from mod- 
ern strains that are responsible for infection 
or pathogenesis to be compared with those 
of ancient strains. The main requirement is 
that the quality of the ancient genome must 
be high enough to enable the identification 
of such genes or molecular markers. The first 
step in identifying the evolution of virulence 
is to compare genomic content. For example, 
modern pathogen genomes may have a set 
of genes associated with virulence that is ab- 
sent in their ancient counterparts. In many 
bacteria, pathogenesis is driven by the pres- 
ence or absence of large portions of genetic 
material (9). Fiddaman e¢ al. found that for 
MDV, the gene content of modern and an- 
cient strains is very similar, and virulence 
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appears to be driven by specific mutations in 
genes that are associated with oncogenesis. 

A notable finding in the study of several 
modern and ancient outbreaks of infec- 
tious disease is that mutations that confer 
increased virulence or transmissibility ac- 
cumulate faster than other mutations. For 
example, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) variants of con- 
cern display mutations that affect vaccine 
efficacy and increase virus transmissibility 
(10). The lineages that gave rise to variants 
of concern were shown to accumulate muta- 
tions fourfold faster than other lineages of 
the virus (71). Similarly, the Mpox virus out- 
break detected in 2022, appears to have rap- 
idly accumulated mutations that allow it to 
transmit more effectively between humans 
(12). Bacterial outbreaks of plague (Yersinia 
pestis) and leprosy (Mycobacterium leprae) 
also display evidence of rapid accumulation 
of virulence mutations, a finding that has 
been supported by analysis of ancient molecu- 
lar data (13, 14). 

An ecological perspective is key to under- 
standing the conditions that favor the accu- 
mulation of mutations that confer increased 
virulence. Molecular clock models, part 
of the phylogenetic toolkit, are commonly 
used to estimate the timing of evolutionary 
events. The accuracy of these models vastly 
improves with the inclusion of ancient ge- 
nomes. Fidamann et al. used a molecular 
clock to determine that the mutations that 
characterize the high virulence of MDV pres- 
ent today appeared around the time when 
poultry farming was rapidly expanding, re- 
flecting a period of tremendous ecological 
transition. The recent practice of sustaining 
large and dense poultry populations can fa- 
cilitate the spread of a highly virulent patho- 


gen. By contrast, in ancient populations that 
tended to be smaller and more isolated, such 
a lethal pathogen would have been more 
likely to rapidly kill its hosts and become lo- 
cally extinct, preventing it from spreading 
more widely and therefore posing a fitness 
cost to high virulence. Moreover, high-den- 
sity living conditions of the host can reduce 
the time between transmission events, in- 
creasing the rate at which mutations can ap- 
pear in the pathogen. 

The emergence and persistence of patho- 
gens are determined by the interplay of eco- 
logical and immunological barriers (15). Sev- 
eral major trends in ancient genomics will 
play important roles in improving knowledge 
of this relationship. Notably, the study of 
pathogens of domesticated and wild species 
will help establish the role of ecology in dis- 
ease emergence. 

An increase in the number and quality 
of ancient genomes is a promising avenue 
for understanding the origin and evolution 
of pathogenicity. As a case in point, the ap- 
pearance of many zoonotic virus outbreaks in 
humans—for example, SARS-CoV-2, Ebolavi- 
rus, Mpox virus, and Middle East respiratory 
syndrome coronavirus (MERS-CoV)—regu- 
larly prompts questions as to whether their 
virulence will increase or decrease over time 
as they spread in a new host species. The 
emergence of SARS-CoV-2 variants showed 
that this is difficult to determine and that 
interactions between host immunity and be- 
havior can shape the evolution of viruses. An- 
cient genomes of pathogens with long-term 
associations with humans and other animals, 
such as herpes viruses and hepatitis B virus, 
will be enormously useful to elucidate the in- 
teraction between emergence, pathogenicity, 
and ultimately the timescale over which they 
become established in their hosts. & 
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Solar-powered clothes, for the heat and cold 


A wearable device allows the human body to adapt to changes in ambient temperature 


By Xingyi Huang! and Peneli Li! 


lothing plays an indispensable role 

in maintaining the human body tem- 

perature within a comfort range in our 

daily life, especially when facing sud- 

den temperature changes or in harsh 

environments (7). Failure to maintain 
core body temperature during complex en- 
vironmental changes can result in severe 
medical emergencies (2). On page 1291 of this 
issue, Wang et al. (3) report a full-day, self- 
powered, and bidirectional thermoregulatory 
clothing that can quickly respond to fluctuat- 
ing temperature. This thermoregulatory 
clothing could guarantee the safety and 
comfort of the human body amid fluctuat- 
ing environmental temperatures and even 
extend human survivability in extreme 
environments, such as polar regions and 
outer space. 

Thermoregulatory clothing can be 
classified into two categories. The pas- 
sive type encompasses radiative cooling, 
phase change, and adsorption systems, 
which have the advantage of requiring 
no external energy inputs. The active type 
can facilitate on-demand rapid cooling 
or warming of the human body. These 
include solid-state active thermoregula- 
tion systems that are based on the Joule 
heating effect (4) and the Peltier effect (5). 
However, because of high energy consump- 
tion, it is difficult to maintain continuous 
thermoregulation of the human body for a 
long time in such systems through portable, 
sustainable energy-harvesting devices. In 
recent years, flexible organic photovoltaic 
cells that use sunlight have made substantial 
progress, not only achieving nearly 20% of 
photovoltaic conversion efficiency (solar light 
into electrical energy) (6) but also enabling 
large-scale production (7, 8). Thus, if such a 
highly efficient and flexible organic photovol- 
taic unit could be integrated with a proper 
thermal-management system, then robust, 
self-sustaining, and thermoregulating cloth- 
ing could be achieved. 

Since the discovery of polyvinylidene fluo- 
ride-based ferroelectric polymers, many ad- 
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vances have been made in the performance 
and structure of electrocaloric devices—ob- 
jects that exhibit a reversible temperature 
change in response to an applied electric 
field (9-11). However, the energy source for 
actuating an electrocaloric device typically 
uses grid electricity, and the structure of the 
device may be large, thus limiting its integra- 
tion into clothing. Additionally, a wearable 
electrocaloric device must be flexible (72). 
Wang et al. accounted for these factors 
and effectively designed and fabricated a 
wearable thermal-management system by 
combining an organic photovoltaic unit and 


A self-powered, wearable thermoregulatory system 
provides efficient personalized thermoregulation, extending 
the human thermal comfort zone by 19.1 K. 


an electrocaloric unit into a single device 
with the required flexibility. The device also 
achieved bidirectional thermal management, 
providing 10.1 K of cooling to the skin during 
hot days but also keeping the human body 
3.2 K warmer than bare skin in the dark or 
at night by using additional energy collected 
by the organic photovoltaic unit. Moreover, 
skin could be warmed at a maximum rate 
of 15.6°C/min or cooled at a maximum rate 
of 14.0°C/min in the first 5 s to achieve fast 
thermoregulation. With its excellent thermal- 
management performance, easy switching 
of the thermal-management direction, and 
adjustment of the thermal-management 
temperature range for optimal temperature 
control, Wang et al. have demonstrated cloth- 
ing that allows the human body to adapt to 
changes in ambient temperature. 

The thermal comfort zone for the human 
body is mainly based on the range of ambi- 
ent temperatures. The upper limit is the 
temperature at which the human body feels 
“hot,” and the lower limit is the temperature 
at which the human body feels “cold.” For 


bare skin, this ranges from 22° to 23°C to 27° 
to 28°C (the comfort zone is thus 4 to 6 K). 
Previous work had achieved an expansion of 
the thermal comfort zone, from 4 to 10 K, by 
flipping clothing inside out to tune thermal 
radiation (73). Wang et al. expanded the com- 
fort zone by an impressive 19.1 K. Such an in- 
crease should presumably allow the human 
body to adapt to more complex and chang- 
ing environments. However, this system still 
needs to be optimized in the future in terms 
of performance and practicality, including , 
the temperature span of the system and the 
thermal conductivity of the materials. The 
device of Wang et al. could be further im- 
proved by increasing the entropy change 
of the materials, and the thermal conduc- 
tivity of a material can be improved by 
adding inorganic fillers (14). In addition, ‘ 
the thermal-management performance of 
the whole system could be optimized by 
constructing a cascade device in which 
multiple electrocaloric devices are se- * 
quentially linked and operate in synergy 
to increase the temperature span of the 
whole system. 

The integrated device of Wang et al. 
opens many possibilities for developing 
actively controlled, self-powered, and 
wearable localized thermal-management 
systems and expanding human adapta- 

tion to harsh environments. Beyond clothing, 
such devices could be applied to vehicles and ‘ 
buildings. It is possible to imagine a future of . 
all-weather thermal management that is not 
limited by an energy supply and where extra 
collected energy might even power electronic 
devices under special conditions. 
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Securing success for the Nature Restoration Laws 


The EU law would complement many others, but challenges loom 
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n an attempt to halt and reverse biodi- 
versity losses, the European Commis- 
sion has proposed a new regulation, the 
Nature Restoration Law (NRL). It could 
become a cornerstone of Europe’s am- 
bitions to restore biodiversity and eco- 
system services for decades to come (1) and 
demonstrate global leadership in address- 
ing ongoing environmental crises. The draft 
of the law, which is a first globally, has 
been under political pressure from 
various sides, and scientists have con- 
tributed intensively to the discussion 
(2). After trilogue negotiations among 
the European Parliament, the Council 
of Europe, and the European Commis- 
sion, the final text of the NRL has been 
agreed on (see the box). However, it will still 
be subject to final votes within the Coun- 
cil and Parliament. Here, we assess the po- 
tential for the NRL to overcome problems 
associated with implementation of related 
European Union (EU) legislation, strate- 
gies, and policies and what can be learned 
for implementation of the NRL. 

The NRL acknowledges that existing EU 
legislation and policies have so far failed 
to halt biodiversity losses (7) and conse- 
quently, without new instruments, cannot 
meet the targets of international agree- 
ments, such as the Kunming-Montreal 
Global Biodiversity Framework. Although 
some of the NRL’s aims and approaches 
overlap with other EU directives, strate- 


gies, and policies, in particular with the EU 
Biodiversity Strategy for 2030, the NRL is 
distinct in terms of its coverage targeting 
the majority of European ecosystem types, 
its strong focus on restoration, and its pro- 
vision of binding targets and clear time- 
lines. This potential for regulatory power 
may largely explain the contested nature of 
its passage into legislation. 

The prospect of the NRL achieving its 
aims will be strongly determined by other 
European legislation and policies that ad- 
dress the environment as well as land and 
water uses (see fig. S1). Policy coherence 
requires complementary objectives and 
instrument mixes within environmental 
domains (3) while mainstreaming envi- 
ronmental objectives into other policy 


“This potential for regulatory power 


may largely explain the contested 


nature of its passage into legislation.” 


domains (4). These may enhance options 
for, or pose restrictions on, the implemen- 
tation of the NRL. Key directives, some 
of which came into force decades ago, in- 
clude the Habitats Directive (HD), Birds 
Directive (BD), Water Framework Directive 
(WFD), and Marine Strategy Framework 
Directive (MSFD). They share aims in safe- 
guarding Europe’s biodiversity but have 
not halted its decline. The Biodiversity 
Strategy for 2030 (BS) targets halting bio- 
diversity loss, while the Forest Strategy 
(FS) and Common Fisheries Policy (CFP) 
address major land and sea uses. Last, the 
Common Agricultural Policy (CAP) has the 
largest budget and affects nearly 40% of 
the EU’s terrestrial area, yet agriculture 


remains the lead driver of biodiversity loss 
(5). Together, these directives and policies 
cover a broad range of targets, sectors, 
and approaches and are representative 
for other instruments that will also inter- 
act with the NRL implementation (see the 
supplementary materials for details on our 
analysis of existing legislation, strategies, 
and policies). 


LESSONS LEARNED 

In developing the NRL, the EU has learned 
from past experiences with European en- 
vironmental legislation and policies and 
avoids several obstacles that have ob- 
structed their implementation. 

As a regulation, the NRL will come into 
force soon after it has been passed by the 
EU Parliament. This is an advantage 
in comparison with the HD/BD, WFD, 
and MSFD, which needed to be trans- 
posed into national law—a process 
that takes several years. Although the 
NRL will also need national imple- 
mentation—for example, through 
National Restoration Plans (NRPs)— 
these could be passed by authorities with- 
out legislative procedures. This is a major 
advantage because speed is vital for tack- 
ling the biodiversity crisis and fulfilling 
the EU’s international commitments (6). 

The NRL sets ambitious quantitative 
targets in terms of both the areas to restore 
and the timeframe, with targets for 2030, 
2040, and 2050 (see the box). Experiences 
with previous legislation support this ap- 
proach. The WFD and the MSFD defined 
deadlines for meeting the good status of 
all water bodies and seas (although in the 
case of the WFD allowing for an extension), 
but these firm deadlines made continuous 
restoration activities with intermediate 
targets more difficult. Timing, however, is 
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also an issue for the NRL. The NRL’s suc- 
cess hinges on prompt action and the pro- 
vision of effective tools for achieving tar- 
gets within short timeframes, recognizing 
the necessary time for nature to recover. 
The NRL defines measurable and ap- 
plicable indicators for restoration suc- 
cess. These include the area of restored 
habitats, which is easy to document and 
to control. Other more generic indicators, 
such as the Grassland Butterfly Index, are 
well established, thus facilitating imple- 


mentation. A third group of indicators 
will require some standardization, such as 
indicators of forest restoration. Although 
no specific indicators are defined for ma- 
rine ecosystems, criteria from the MSFD 
could be applied. Hence, the NRL can to a 
large degree capitalize on existing indica- 
tors, in sharp contrast to the WFD, MSFD, 
and HD/BD, all of which ignited extensive 
indicator development processes that de- 
layed implementation. 

Another advantage is the use of NRPs, 


Key features of the EU Nature Restoration Law 


Chapter I: General Provisions 

* Defines the overall targets (continuous 
recovery of nature, fulfillment of 
climate change objectives and interna- 
tional regulations) 

Defines key terms: Favorable reference 
area (minimum area to ensure the long- 
term viability of a habitat type), good 
condition (characteristics that ensure 
favorable conservation status according 
to the HD or good environmental status 
according to the MSFD), sufficient qual- 
ity and quantity of habitat (conditions 
required by a species for maintaining 
itself on a long-term basis) 


Chapter II: Restoration Targets and 
Obligations 

¢ For Natura 2000 sites (Article 4): Good 
condition (30% by 2030, 60% by 2040, 
90% by 2050); and favorable reference 
area (30% of the area needed to reach 
the goal for each habitat type by 2030, 
60% by 2040, 100% by 2050); improved 
connectivity 

For habitats of species listed in Annexes 
II, lV, and V of Habitats Directive and of 
Birds Directive (Art. 4): Reach sufficient 
quality and quantity of habitats (no time 
frame given) 

Marine Ecosystems (Art. 5): Reaching 
good condition (30% by 2030, 60% by 
2040, 90% by 2050) and favorable refer- 
ence area (at least 30% by 2030, 60% 
by 2040, and 100% by 2050) 

Urban Ecosystems (Art. 6): No loss in 
total national area of urban green spaces, 
achieve thereafter an increasing trend 
Rivers, floodplains (Art. 7): Removal of 
barriers to longitudinal and lateral con- 
nectivity to achieve restoration targets 
and 25,000 km of free-flowing rivers; 
maintain and improve natural functions 
of floodplains 

Pollinator populations (Art. 8): 

Improve pollinator diversity, reverse 
decline of pollinator populations by 
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2030; achieve thereafter an increasing 
trend of pollinator populations 

* Agricultural ecosystems (Art. 9): 
Increasing trend at national level in two of 
the three indicators: “Grassland Butterfly 
Index,’ “stock of organic carbon in crop- 
land mineral soils,” “share of agricultural 
land with high-diversity landscape fea- 
tures”; targets for “Common Farmland 
Bird Index”: increase by 10% (2030), 
20% (2040), and 30% (2050) for 
member states with depleted farmland 
bird populations, and by 5% (2030), 10% 
(2040), and 15% (2050) for member 
states with less depleted populations; 
restoration of organic soils in agricultural 
use constituting drained peatlands: 

30% (by 2030), 40% (by 2040), 50% 
(by 2050) 

* Forest ecosystems (Art. 10): Increasing 
trend at national level of the “Common 
Forest Bird Index” and in 6 out of 7 
additional indicators such as standing 
deadwood or forest connectivity 


Chapter III: National Restoration Plans 

* Obliges member states to prepare res- 
toration plans to implement the mea- 
sures required for targets of Chapter II, 
and to quantify the area to be restored 

Member states have full flexibility to 

use or to discard funds from Common 

Agricultural Policy and Common Fisher- 

ies Policy for NRL implementation 


Chapter IV: Monitoring 

Obliges member states to monitor- 
indicators for restoration targets; 
progress reports by the Commission 


Chapter VI: Final Provisions 

¢ Application of the NRL will be evaluated 
by 2033, including possibly legislative 
proposals for amendments 

* “Emergency brake” allows member 
states to halt NRL implementation 
in farmland, if agricultural production 
is at risk 


which has the potential to provide an ap- 
propriately tailored national framework 
for NRL implementation. Although all the 
above-listed directives are implemented 
at the national level, there have been par- 
ticularly good experiences when actions 
take account of local contexts and needs, 
as seen with the River Basin Management 
Plans under the WFD. It is therefore im- 
perative to ensure that the NRPs will be 
backed by robust implementation tools 
that adopt an adaptive cycle, whereby the 
commission can request member states to 
increase their ambition. 


ADVANCING IMPLEMENTATION 

The NRL’s aims reach well beyond the tar- 
gets of existing legislation and policies (see 
the box). In addition, the NRL offers great 
potential to boost the implementation of , 
other European directives and policies. 
Whereas the WFD and MSFD focus on 
individual ecosystem types (surface water 
and marine ecosystems), the HD/BD take a 
broader approach, including a wide range 
of habitats, and the BS is even more com- 
prehensive (7) because it addresses species, 
habitats, ecosystems, ecological processes, 
and public engagement. The NRL is broad 
but targets specific ecosystem types with 
tailor-made approaches (see the box and 
fig. S1). It may therefore have impacts 
beyond the targeted ecosystems: For ex- 
ample, restoring agricultural ecosystems 
and forests has the potential to benefit 
rivers and lakes, and restoring peatlands 
can positively affect the landscape’s water 
budget (8). Consequently, implementation 
of the NRL can substantially benefit the 
implementation of the HD/BD, WFD, and 
MSFD. This is most obvious for the HD/ 
BD, which addresses a greatly overlapping 
list of habitats and species. The WFD and 
the MSFD can benefit from reduced pol- 
lution from agriculture and from the ad- 
ditional approaches the NRL provides. 
For example, the WFD does not explicitly 
address floodplains, although floodplains . 
play an important role in the healthy func- 
tioning of rivers and their ecological qual- 
ity (9). Also, the implementation of the BS 
will benefit from the restoration measures 
initiated by the NRL. 

At first glance, the NRL may seem to be 
“conservative.” It focuses mainly on the 
protection and restoration of habitats per 
se and of habitats for individual species. 
This is reminiscent of an approach from 
the 1980s, seemingly ignoring calls for 
more systemic, adaptive, and integrated 
approaches to managing nature. Article 8, 
with its focus on pollinators, is an excep- 
tion to this. Ecosystem-based approaches, 
nature-based solutions, and co-benefits of 
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restoration for other environmental and 
societal objectives are mentioned, but the 
text does not elaborate on their imple- 
mentation. Despite this, the NRL holds 
considerable potential to operate at eco- 
system levels, providing widespread soci- 
etal benefits, particularly through the in- 
creased supply of ecosystem services (10). 
Enhancing landscape structure and rewet- 
ting peatlands can increase the resilience 
of agricultural ecosystems to droughts and 
pests, and restoring pollinator popula- 
tions can have direct positive impacts on 
agricultural production. Similarly, recon- 
necting rivers with their floodplains can 
mitigate flood risks (71); increasing urban 
green spaces can benefit urban climate and 
people’s health; increasing forest diversity 
can enhance resilience to extreme events; 
and restoring marine ecosystems can ben- 
efit recreation (12). 


AVOIDING PITFALLS 

A recurring problem with the implementa- 
tion of European environmental legislation 
and policies is the gap between targets and 
effective implementation options. HD, BD, 
WED, and MSFD have so far not achieved 
their aims, and neither has the BS (see 
table S2). Reasons are manifold. Besides 
shortcomings in aims and approaches (see 
table S3, a to g), acommon denominator is 
the lack of resources needed to implement 
them successfully, including funding, hu- 
man resources, appropriate planning pro- 
cedures, and administrative capacities for 
implementation. The passing of legislation 
and policies have not always been followed 
by the provision of appropriate resources 
and capacity-building for implementa- 
tion and monitoring. The NRL encounters 
similar challenges because it is even more 
ambitious. Implementation at the national 
level must therefore assure a stringent pro- 
cedure and a resilient funding structure, 
as suggested by the original Commission 
proposal. Although the targets are legally 
binding, the measures to achieve them will 
be voluntary actions by land and water 
owners and managers, who would need to 
accept co-responsibility and possess the 
capacity to respond. This requires not only 
financial investments but also supportive 
institutions for cooperation, peer-to-peer 
learning, business models that support 
land-use change, and societal acceptance to 
work with nature. 

The required resources are not exclu- 
sively of public origin. After the NRL’s 
approval, the EU and member states are 
tasked with mobilizing private financing 
of restoration, endorsing suitable business 
models that incorporate cost recovery (73). 
These may involve refined carbon credit 
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trading, collaboration with insurance com- 
panies to mitigate flood or drought risks, 
or customized options for investing in na- 
ture. The European Investment Bank, and 
its enhanced capacity to offer advisory 
services alongside conventional financing, 
could assume a more prominent role in 
this regard. 

It will be of equal importance to acquire 
public funds for restoration of nature from 
other components of the EU budget—in 
particular, regional development and agri- 
culture. So far, despite the installment of 
relevant instruments, the CAP has not suc- 
ceeded in achieving the aims of HD, BD, 
and WFD. The CAP is unlikely to contrib- 
ute sufficiently to the NRL implementation 
if its support schemes are not modified 
to strengthen the ambition of measures, 
strictly enforce cross-compliance, and in- 
crease funding for focused measures. A 


“Although the targets are 
legally binding, the measures 
to achieve them 
will be voluntary actions...” 


specific clause is granting member states 
full flexibility in using or foregoing CAP or 
CFP funds for NRL implementation. Using 
these funds could potentially offer unprec- 
edented, cost-efficient opportunities for 
both the NRL and the CAP and CPF. The 
CAP’s agriculture-environment-climate 
measures, along with the somewhat less 
ambitious “Eco-schemes,” could support 
habitat restoration and the recovery of 
pollinator populations. Implementing the 
NRL in farmlands is also vital for achiev- 
ing various goals, including river-flood- 
plain connectivity, river to coast-marine 
connectivity (through controlled floods), 
peatland targets (through alternative ag- 
ricultural schemes such as paludiculture), 
and even urban restoration (by maintain- 
ing urban and peri-urban green and blue 
spaces). Simultaneously, addressing cli- 
mate change in agriculture necessitates 
restoration measures such as landscape 
water storage, reduced livestock densities, 
and diminished nitrogen inputs. 

The trilogue negotiations have intro- 
duced two further elements that substan- 
tially weaken the NRL. First, member 
states may permanently deprioritize res- 
toration actions in areas used for other 
targets such as renewable energy infra- 
structure and military facilities. Second, 
the inclusion of an “emergency brake” 
enables member states to temporarily sus- 


pend NRL implementation in farmland, 
over their entire area, under exceptional 
circumstances that affect land availability 
for agricultural production. However, an 
evaluation of the NRL planned for 2033 
could result in legislative proposals for 
amendments, including a better coherence 
with other legislation or policies. 

Translating ambitions into actions still 
requires a close alignment with both ex- 
isting and emerging European legislation 
and policies. Stability in the legislative 
developments is crucial, considering that 
nature restoration requires long-term per- 
spectives. Provision of funding schemes 
will determine whether the NRL will ad- 
dress current pressures and drive much- 
needed transitions. Given the urgency of 
global crises, Europe cannot afford to de- 
lay; the opportunity to install and imple- , 
ment an ambitious law, and the opportu- 
nity to show global leadership, should not 
be missed. 
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CONSCIOUSNESS 


Chasing an 


equation for 


awareness 


A writer seeks 
connections between 
consciousness and 
fundamental physics 


By Chaz Firestone and Ian Phillips 


cience begins with mystery. What 
causes lightning? How did this mold 
stop bacterial growth? Why do we age? 
Arguably, the two greatest mysteries 
are the cosmos and consciousness—the 
vast world out there and the vibrant 
world within. Scientists captivated by one 
can be called to study the other, 
seduced by the thought that these 
mysteries are connected. Science 
writer George Musser’s book Put- 
ting Ourselves Back in the Equa- 
tion reviews their progress: Can 
physics unlock the mystery of con- 
sciousness? Does consciousness 
underlie fundamental physics? 
The result is an ambitious but 


Putting Ourselves Back 


the culprit. “The mind reaches out,’ writes 
Musser, “grabs particles that are poised be- 
tween possibilities, and tells them, Choose!” 

Other solutions avoid such mental magic. 
“Many-worlds” interpretations—favored by 
many contemporary physicists, including 
Tegmark himself—eschew collapse entirely, 
eliminating the mind’s putative role. Musser 
charges these views with incoherence (even 
comparing them to conspiracy 
theories) but does too little to sub- 
stantiate his case. 

The book’s primary theme is 
how physicists are contributing 
to understanding the mind, con- 
tinuing “a long history of physi- 
cists colonizing other fields.” The 
metaphor is apt. It recalls an epi- 
sode from Barbara Kingsolver’s 


ultimately disappointing tour, Pde alo The Poisonwood Bible, where an 
peppered with breathless encoun-  farrar jie and Giroux American colonial missionary 
ters with well-known scientists. 2023. 336 pp. ignores the local horticultural 


Representative of the cast is MIT’s 

Max Tegmark, who tells Musser: “If you look 
at the problems that we’re still stumped on in 
foundational physics, pretty much all of them 
trace back to consciousness.” 

One puzzle is the quantum measurement 
problem. The basic formalism of quantum 
mechanics describes a world of superposi- 
tions: combinations of states represented by 
a wave function. Consider Schrédinger’s cele- 
brated cat. The relevant equations pronounce 
it both dead and alive; but when we open its 
box, it looks either dead or alive, never both. 
Multiplicity collapses into singularity—how? 
A radical solution is that consciousness is 
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expertise of his Congolese house- 
keeper. The upshot? A nasty rash from poi- 
sonwood sap and a flooded garden. 

Musser integrates physics with neurosci- 
ence, economics, botany, chemistry, philos- 
ophy, mathematics, ornithology, and more. 
Yet a key source of local expertise is nota- 
bly absent—psychology, the science of the 
mind. An early example: Musser rightly ap- 
plauds physicists’ contributions to artificial 
neural networks but is overly credulous of 
their implications, declaring that “ChatGPT 
and DALL-E are already able to do things 
that seem to be coming from deeply felt ex- 
perience” and “are starting to demonstrate 
a generalized intelligence like that of hu- 
mans.” Interviewing more psychologists— 
experts in both feelings and intelligence— 
could have exposed the considerable gulf 
remaining (J, 2). 


What about consciousness itself? Why 
some states associated with felt expericuce 
(the pain of a headache, the sight of a sun- 
set) and others not? Musser’s focus is inte- 
grated information theory, or IIT. IIT begins 
with five allegedly self-evident “axioms” of 
awareness: consciousness exists, and it is 
structured, specific, unified, and definite. 
It then derives “postulates” concerning the 
causal structure of conscious systems, iden- 
tifying consciousness with integrated infor- 
mation—information that cannot be reduced 
to that in a system’s parts. Finally, IIT offers 
a mathematical measure of this quantity, o: 
an equation for awareness. 

However, despite its enthusiasts, IIT has 
profound problems. Its axiomatic basis is 
specious (those that are not trivial are not 
self-evident), and grave doubts surround its 
testability and o’s definability (3-5). Musser 
belatedly mentions Scott Aaronson’s influ- 
ential critique—that IIT implausibly assigns 
vast amounts of consciousness to DVD play- 
ers and inactive logic gates—but seems un- 
concerned by this (devastating) result. 

Of course, a theory of consciousness must 
do more than distinguish humans from DVD 
players; it must detail when, why, and to 
what degree we are conscious. Here, psychol- 
ogy’s absence is most glaring. Over the last 
century, psychological research has revealed 
innumerable phenomena of consciousness, 
from paradigms that alter awareness (at- 
tentional blink, inattentional blindness) to 
methods that render stimuli unconscious 
(masking, flash suppression); from extraor- 
dinary disorders of consciousness, such as 
blindsight or neglect, to rigorous studies of 
metacognition (“awareness of awareness”). 

Although controversial, such phenom- 
ena are the data that any scientific theory 
of consciousness must account for. That is 
why all serious theories say something about 
them, including global neuronal workspace 
theory, higher-order theories, and recurrent 
theories. Yet these phenomena and ideas are 
almost nowhere in the book. Of course, psy- 
chology has not solved consciousness; but 
one cannot hope to unravel awareness with- 
out confronting these data. 

Consciousness is genuinely mysterious. 
So is fundamental physics. But hoping that 
physics can solve consciousness while ex- 
cluding other approaches is only a recipe for 
more mystery, not less. & 
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ANTHROPOLOGY 


Object lessons 


An anthropologist confronts the history and ubiquity 


of human-made items 


By John Robb 


here are lots of ways to tell any story, 
and the more important a story is, 
the more ways it can be told. How ob- 
jects define humanity and what they 
reveal about big patterns in human 
history—the topics under discussion 
in anthropologist Chip Colwell’s eminently 
readable book So Much Stuff—is one such 
story. These types of tales require an author 
to consider long-term trends in technology, 
skill, and art and are often naively framed as 
resulting from some inherent force of prog- 
ress driven by human ingenuity. Authors 
like Colwell, who approach material culture 


When you put both parts of this narra- 
tive together, there are two basic ways to 
spin it: as a utopian story of progress—of 
technology and capitalism’s ever-expanding 
ability to furnish our every need and want— 
or as a pessimistic narrative in which the 
things we create and own suffocate us un- 
der their superabundance. In So Much Stuff, 
Colwell flirts with both angles. 

The book frames the story of material cul- 
ture as a series of leaps ahead, each of which 
builds on previous ones to move people 
from simple beginnings toward civilization, 
sophistication, and modernity. This is a fa- 
miliar story of social evolution, drawing not 
only on cultural anthropology and archaeol- 


The things we make, acquire, and accumulate reveal much about human civilization. 


from social science perspectives such as an- 
thropology, archaeology, and the history of 
technology, deconstruct these frameworks 
and seek to show the roles played by social 
contexts and networks. 

Such stories must also address long-term 
trends in the quantity of objects human- 
kind has owned over time. Why, for exam- 
ple, does the amount of things humans have 
keep increasing? 
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ogy but also on animal behavior, psychology, 
and cognitive research. Colwell tells it well in 
a chatty style. There is clearly a fair amount 
of academic thought underpinning the book, 
but it is worn lightly, with a greater emphasis 
on personal storytelling than on oppressing 
the reader with learned apparatus. 

The book features many of the irresist- 
ible greatest hits of human material cul- 
ture. These include Acheulean hand axes, 
the Blombos Cave engraved ochre, Ice Age 
cave art, Gébekli Tepe, Otzi the Iceman, the 
Northwest Coast potlatch, the Industrial 


So Much Stuff: 

How Humans Discovered 
Tools, Invented Meaning, 
and Made More of 
Everything 

Chip Colwell 

University of Chicago Press, 
2023. 304 pp. 


Revolution, colonialism, and resistance. It 
is framed in terms of a handful of qualita- 
tive milestones: making tools, giving things 
meanings, and the accelerating accumula- 
tion of things. 

One of Colwell’s premises is that all our 
things are problematic in some way. A run- 
ning theme is that objects enable humans to 
do things and to be human while also confin- 
ing or imprisoning us. This does not happen 
through any one object alone, Colwell argues, 
but through the cumulative mass of all of 
them. Together, our things strip the planet of 
resources, cost energy to use and maintain, 
generate enormous quantities of waste—and, 
potentially, reorient our senses and reactions 
in ways we might not like and that drive 
some people to seek out minimalist lifestyles. 

Although present throughout the book, 
our dysfunctional relationship with things is 
never fully explored. Colwell can hardly be 
blamed for this; the overwhelming bulk of 
the anthropological literature on material 
culture is organized around case studies of 
particular objects, with almost none scru- 
tinizing the effects of material culture as a 
total system. 

The book also skates over theoretical di- 
lemmas relatively lightly, usually by invoking 
universalizing generalizations. For instance, 
anthropological theorists might quibble 
about whether humans have an innate desire 
to accumulate things, and economists might 
wonder about blaming overabundance on 
the advertising industry rather than on the 
underlying economic system generating the 
need to create consumers. But stories such as 
how advertising developed tactics for stim- 
ulating consumer desire are fascinating and 
succeed in posing some thought-provoking 
questions. Why, for example, does religion 
have to have a material medium? 

The book ends on one of its strongest 
points: the honest, personal account of 
Colwell’s attempt to streamline his material 
life and get rid of things and how the sys- 
tem of things we live in defeated it. This ac- 
count does not solve the dilemma the book 
poses, but it highlights it in ways that will 
resonate with most readers. Ultimately, So 
Much Stuff provides an engrossing intro- 
duction for nonexperts into the big ques- 
tions of material culture studies. & 
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Edited by Jennifer Sills 


Extreme drought 
threatens the Amazon 


The Amazon River basin is the Brazil’s 
largest source of freshwater (1). Traditional 
and local communities rely on the Amazon 
and its tributaries (2) for basic resources 
such as water and food, as well as for trans- 
portation that facilitates the delivery of 
medical care and access to education (2-5). 
However, since June (6), the Amazon region 
has suffered an extreme drought, which 
has led some sections of the river system 
to dry up completely (6-8). To meet global 
sustainability goals, Brazil must provide 
immediate relief to communities affected 
by the drought as well as implement com- 
prehensive policies and practices to protect 
the Amazon basin from extreme droughts. 
The drought in the state of Amazonas, 
the most intense in the last 120 years, has 
been exacerbated by other events (6, 7). 
El Nifio and unusually warm waters in 
the Atlantic have contributed to increased 
global temperatures, which have intensi- 
fied the dry season in the Amazon (2, 9). 
Deforestation resulting from human activi- 
ties such as mining, agricultural expansion, 
and extensive livestock farming has also 
burdened the regional climate balance (9). 
Given that the drought could persist 
until 2024 (9, 10), the Brazilian state of 
Amazonas has declared a state of emer- 
gency (2, 9, 11). The government has 
distributed basic supplies and financial 
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support to rural producers who cannot 
hunt, fish, or earn money by trading goods 
sourced from the rivers (17). However, it is 
essential to go beyond short-term aid and 
address the problem’s causes. Long-term 
strategies should include integrating eco- 
nomic policies in the Amazon with Brazil’s 
climate goals, revitalizing degraded areas, 
and combating socioeconomic inequality. 
Additionally, Brazil and the global commu- 
nity must promote international collabora- 
tion in the fight against climate change. 

The effects of the drought undermine 
compliance with Sustainable Development 
Goals 2, 3, 4, 6, 13, and 15 (72), which 
provide targets for reducing hunger, 
maintaining health, supporting educa- 
tion, assuring access to clean water, tak- 
ing action to address climate change, and 
protecting ecosystems, respectively. Brazil 
should take urgent action to manage, miti- 
gate, and prevent extreme droughts in the 
Amazon region. 


Felipe P. Ottoni!2:34* Carlos Thiago S. Filgueira!, 
Brenda N. Lima, Lucas O. Vieira, Filipe Rangel- 
Pereira®, Rafael F. Oliveira!+ 

lLaboratério de Sistematica e Ecologia de 
Organismos Aquaticos, Centro de Ciéncias de 
Chapadinha, Universidade Federal do Maranhao, 
Chapadinha, MA, Brazil. @Programa de Pés- 
Graduagao em Ciéncias Ambientais, Universidade 
Federal do Maranhdo, Chapadinha, MA, Brazil. 
3Programa de Pés Graduacao em Biodiversidade 
e Biotecnologia da Amazénia Legal, Universidade 
Federal do Maranhdao, Sao Luis, MA, Brazil. 
4Programa de Pés-Graduacao em Biodiversidade 
e Conservacao, Universidade Federal do 
Maranhdo, SAo Luis, MA, Brazil. SInstituto de 
Biologia, Universidade Federal do Rio de Janeiro, 
Rio de Janeiro, RJ, Brazil. 

*Corresponding author. Email: fpottoni@gmail.com 


Brazil’s state of Amazonas has suffered from 
an extreme, months-long drought. 
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EU policies undermine 
environmental targets 


In July, the United Nations announced 
that progress toward achieving the global 
Sustainable Development Goals by 2030 
is falling substantially short (7). Countries 
around the world have also failed to 
meet the Aichi Biodiversity Targets (2). 
Climate anomalies are breaking records, 
and the global warming target of 1.5°C set 
in the Paris Climate Agreement is likely 
to be surpassed soon (3). Despite these 
shortfalls, the EU and its Member States 
are pursuing legislation that undermines 
global goals. 

The EU Commission recently proposed 
a nature restoration law, which would 
meet the international commitment under 
the UN Global Biodiversity Framework 
to restore 30% of degraded ecosystems 
in certain landscapes by 2030, but after 
a negotiation with the EU Council and 
the Parliament, the proposed targets have 
been substantially weakened (4). The EU 
co-legislators agreed to restore at least 
20% of land and 20% of marine areas by 
2030, well short of the 30% goal, and the 
corresponding restoration may focus on 
already existing European protected areas 
of the Natura 2000 system. In agroecosys- 
tems, the goal is merely to show a “positive 
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trend” for selected indicators by 2030, 

and a loophole would allow an emergency 
brake—i.e., a suspension of efforts—if eco- 
system objectives threaten the agricultural 
production needed for EU food consump- 
tion. In addition to making the restoration 
law less ambitious, the EU Parliament 
rejected draft legislation that would have 
halved the use of pesticides by 2030 (5). 

EU Member States are also hindering 
progress toward global environmental 
goals. In Germany, Chancellor Olaf Scholz 
and the state premiers have adopted the 
Germany Pact, which will speed up the 
implementation of construction projects 
and reduce time-consuming environmen- 
tal impact assessments and participation 
procedures (6). According to Germany’s 
largest conservation nongovernmental 
organization, NABU, the pact threat- 
ens key environmental gains made in 
recent decades (7). Meanwhile, the EU 
Commission’s infringement reports show 
that many Member States regularly fail 
to implement existing environmental 
policies. For example, Belgium has failed 
to bring its national legislation into line 
with the EU’s Environmental Impact 
Assessment Directive (8). 

As a major contributor to the global 
environmental crisis, the EU should take 
responsibility for its contributions and lead 
efforts to mitigate the damage. Member 
States, especially large economies such as 
Germany, should work to show that human 
well-being can be reconciled with a sub- 
stantial reduction in the ecological foot- 
print, both nationally and globally. Rich 
countries must demonstrate that interna- 
tional environmental agreements are true 
commitments and not just platitudes. 
Pierre L. Ibisch 
Centre for Econics and Ecosystem Management, 
Eberswalde University for Sustainable 


Development, Eberswalde, Germany. 
Email: pierre.ibisch@hnee.de 
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Third Pole needs more 
than legal protection 


The Qinghai-Tibet Plateau (QTP), known 
as Earth’s Third Pole and the Asian Water 
Tower, is the source of nine major Asian 
rivers, supporting 1.5 billion people down- 
stream with freshwater, food, and essential 
ecosystem services. The region plays a piv- 
otal role in global climate regulation and 
biodiversity preservation (1). Because of its 
high altitude, low temperatures, and arid 
conditions, the QTP’s ecosystems are inher- 
ently fragile and exceptionally responsive 
to human activities. To better safeguard the 
QTP within China, the Chinese government 
has enacted the Ecological Protection Law, 
effective since September (2). However, 
comprehensive protection of the QTP 
requires changes and cooperation beyond 
this legislation. 

Between 1980 and 2020, the QTP popu- 
lation within China grew to 156% of its 
original size, urban construction nearly 
tripled, roads quadrupled, and tour- 
ist visits surged, reaching 70 million in 
2019—five times the local population (3). 
This heightened human activity poses 
substantial challenges to the QTP’s ecol- 
ogy. Glaciers have retreated, severe land 
desertification has occurred, 70% of grass- 
lands have been degraded, biodiversity 
threats have increased, and plastic waste 
has proliferated (4, 5). 

The Ecological Protection Law empha- 
sizes holistic protection of the plateau’s 
ecosystems and wildlife resources (2). The 
legislation underscores the need to inten- 
sify surveys and monitoring of natural 
resources and ecological conditions. The 
law also mandates enhanced biodiversity 
conservation in pivotal areas such as the 
Three Rivers Source, Qilian Mountains, 
and Mount Qomolangma, using measures 
such as establishing national parks and 
nature reserves. To facilitate implementa- 
tion, the text precisely delineates the roles 
of government departments and proposes 
the formulation of ecological zoning and 
control plans, alongside a list of industries 
prohibited from operating in the QTP based 
on the environmental risks they pose. 

Although the law is a step forward, the 


ecological protection of the QTP still lacks 
sufficient green industries, eco-friendly 
tourism practices, sustainable technol- 
ogy, multi-stakeholder engagement, and 
international collaboration. China should 
foster green industries such as ecotourism, 
ecological agriculture, clean energy, and 
cross-border trade. To address the sub- 
stantial solid waste produced by tourists 
and outdoor enthusiasts, it is imperative 
to intensify environmental education and 
legal awareness among visitors as well as 
to augment waste recycling infrastructure. 
The Chinese government should provide 
increased science and technology fund- 
ing to develop biodiversity-friendly and 
climate-adaptive technologies for high- 
altitude mountain living. To facilitate the 
monitoring now required by law, local 
authorities should collaborate with scien- 
tists and environmental organizations to 
formulate region-specific law enforcement 
guidelines and conduct regular evaluations 
of ecological conditions and the efficacy of 
protection and restoration efforts. Given 
the intricate topography, frequent geologi- 
cal hazards, and legal disparities across 
multiple nations in the QTP and surround- 
ing mountainous regions, strengthened col- 
laboration among neighboring countries is 
essential in scientific research, biodiversity 
preservation, ecological compensation, and 
international river governance. 

Haimeng Liu!* and Hao Chen? 

Unstitute of Geographic Science and Natural 
Resources Research, Chinese Academy of 
Sciences, Beijing 100101, China. @Institute of 
Tibetan Plateau Research, Chinese Academy of 


Sciences, Beijing 100101, China. 
*Corresponding author. Email: liuhm@igsnrr.ac.cn 
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The location of ij upd: 
poaching of threa a 
African pangolins 
has shifted over the 


past decade. 


Pinpointing pangolin poaching 
ver the past decade, Asian pangolin populations have declined 
due to demand from unsubstantiated use in traditional 
medicine; at the same time, poaching of African pangolins has 
increased rapidly. Identifying the source of poached pangolins 
and the path of transit of pangolin scales could greatly improve 

our ability to reduce illegal trade of these animals, which at current 


rates could lead to their extinction. Tinsman et al. used a genomic 
approach to identify the populations of origin for white-bellied 
pangolin (Phataginus tricuspis) samples and seizures. They found 
a shift from West to Central Africa over the past decade and further 
identified Nigeria as an important hub. —SNV 

Science, adi5066, this issue p. 1282 


° 
e 
° 
x= 
a 
(S) 
fe) 
e 
a 
S 
=< 
al 
< 
77) 
ce 
Wi 
a 
= 
= 
4 
0 
aE 
= 
E 
< 
= 
fe) 
e 
° 
be 
a 


MESOSCOPIC PHYSICS 
Propagating quantum 


information 


Qubits, the building blocks of 
quantum computers, are usu- 
ally implemented in stationary 
entities such as trapped ions 
or quantum dots. The job of 
propagating quantum informa- 
tion is usually given to photons. 
However, photons do not interact 
with each other, and it would 
be advantageous to implement 
a propagating (“flying”) qubit 
using electrons. Assouline et al. 
achieved this goal by preparing 
and controlling single-electron 
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flying qubit states in monolayer 
graphene. —JS 
Science, adf9887, this issue p. 1260 


THERMAL TRANSPORT 
Directing the heat 


Controlling thermal transport by 
switching devices is challeng- 

ing because rapidly changing a 
material's thermal properties is 
difficult. Liu et al. demonstrate 
that a thermal switch can be 
made from lead zirconium oxide 
controlled with a small voltage. 
The material can be changed 
from ferroelectric to antiferroelec- 
tric with an electric field that also 


dramatically changes the thermal 
properties. This switch changes 
the thermal transport by a factor 
of two in one direction, creating a 
useful thermal switch. —BG 
Science, adj9669, this issue p. 1265 


MACHINE LEARNING 
Getting rid of 
backpropagation 

The recent development of large- 
scale deep neural networks (NNs) 
and other artificial intelligence 
(Al) applications is accompanied 


by growing concerns about the 
energy consumption needed to 
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train and operate them. Physical 
NNs could become a solution 

to this problem, but the direct 
hardware implementation of 
conventional algorithms faces 
multiple difficulties. For instance, 
training NNs using conventional 
backpropagation algorithms is 
associated with challenges such 
as lack of scalability, complexity 
of operation during training, and 
dependency on digitally trained 
models. Inspired by the forward- 
forward algorithm, Momeni et al. 
report the practical demonstra- 
tion of backpropagation-free 
training of wave-based physical 
NNs. Their work is an important 
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NEURODEGENERATION 
Alzheimer’s disease 
immunotherapies 


Three monoclonal antibodies 
that target amyloid-8 deposits 
in the brain have been found to 
slow cognitive decline in indi- 
viduals with early Alzheimer’s 
disease (AD). The antibodies, 
aducanumab, lecanemab, and 
d 
d 


onanemab, are thus the first 
isease-modifying treatments 
for AD. In a Perspective, Golde 
and Levey discuss the implica- 
tions of this success, as well as 
the limitations of these treat- 
ments and the future work 
required to understand more 
about their mechanism of 
action. The authors highlight 
outstanding questions, includ- 
ing whether the clinical effects 
observed in the clinical trials, 
which finished after 18 months, 
will be maintained with con- 
tinued treatment and if it will 
eventually be possible to predict 
and prevent adverse events 
such as amyloid-related imaging 
abnormalities. —SAL 

Science, adj9255, this issue p. 1242 


DEVELOPMENT 
A multifaceted pioneer 
factor 


Pluripotency transiently appears 
in early development and is 
controlled by pioneer transcrip- 
tion factors (TFs) such as OCT4 
and SOX2. However, how these 
master TFs drive pluripotency 
progression in early embryos 
remains poorly understood. Li et 
al. investigated spatiotemporal 
chromatin occupancy of SOX2 in 
mouse early embryos across 4 
days. In early blastocysts, SOX2 
regulates the pluripotency pro- 
gram not just by opening global 
enhancers, but also by occupy- 
ing preaccessible enhancers 
opened by early-stage-express- 
ing TFs. SOX2 then redistributes 
and opens enhancers or primes 
enhancers for future activation 
when cells acquire naive and 
formative pluripotency. These 
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data revealed flexible pioneer 
TF-chromatin interactions and a 
transitionary “prepluripotency” 
state that connects totipotency 
and pluripotency. —DJ 

Science, adi5516, this issue p. 1258 


GLOBAL WARMING 
Coral reefs in peril 


The past year has seen 
record-breaking sea surface 
temperatures, and extraordinary 
levels of heat stress have been 
recorded, particularly at coral 
reefs in the eastern tropical 
Pacific and wider Caribbean. In 
a Perspective, Hoegh-Guldeberg 
et al. discuss how marine heat 
waves and attendant heat stress 
on corals is likely to cause 
widespread coral bleaching and 
mortality. Unless global warm- 
ing can be curtailed through 
reduced greenhouse gas emis- 
sions, coral reefs are likely to be 
severely affected. As much as 
25% of ocean biodiversity could 
be affected if coral reef eco- 
systems collapse. The authors 
discuss approaches to better 
monitor the health of coral 
reefs and what management is 
needed to safeguard coral reef 
sites across the globe. —GKA 
Science, adk4532, this issue p. 1238 


MICROBIOTA 
Never working alone 


The microbiota plays an impor- 
tant part in host defense by 
excluding pathogenic species 
in a process called coloniza- 
tion resistance. This property 

is elusive and not endowed 

by one or two species alone. 
Spragge et al. discovered that 
colonization resistance is a 
higher-order effect of a diverse 
community of bacteria under- 
pinned by essential key species 
such as Escherichia coli (see the 
Perspective by Radlinski and 
Baumler). In vitro and in vivo 
experiments showed that given 
the right composition, a diverse 
microbiota will collectively 
consume the nutrients that an 
incoming species requires to 
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grow and establish in a host. 
Colonization resistance is pre- 
dictable because if the symbiont 
community encodes many of 
the same (or similar) proteins as 
the pathogen, then it provides 
better colonization resistance 
and can potentially deliver health 
benefits to the host. —CA 
Science, adj3502, this issue p. 1259; 
see also ad|5891, p.1244 


ANCIENT DNA 
Reclaiming the Coast 
Salish woolly dog 


Multiple Indigenous groups, such 
as the Coast Salish in the Pacific 
Northwest, bred and maintained 
dogs with a distinctive woolly 
undercoat, and hair from these 
dogs was used in weaving. Lin 
et al. sequenced the only known 
specimen of a Coast Salish 
woolly dog named Mutton from 
1859 (see the Perspective by 
Orlando). Mutton was found to 
have limited introgression from 
European colonial dogs and 
otherwise lacked much genetic 
diversity, suggesting that these 
dogs were carefully reproduc- 
tively managed to maintain 
their coats. By incorporating 
traditional knowledge, historical 
records, and genetic data, the 
cultural importance of these 
dogs and the role of colonialism 
in their loss are illuminated. This 
study joins the growing number 
attempting to incorporate 
Indigenous groups in historical 
studies. —CNS 

Science, adi6549, this issue p. 1303 

see also adm6959, p. 1236 


VIRAL PALEOGENOMICS 
Ancient DNA illuminates 


viral evolution 

Marek’s disease virus (MDV) 
causes tumors in chickens and 
has increased in virulence over 
the past century. Fiddaman et 
al. studied ancient DNA from 
chickens to reveal the evolution- 
ary history of this once mild 
disease (see the Perspective by 


Duchene). They sequenced MDV 
DNA from 15 ancient chickens, 
finding that these strains were 
basal to modern ones and 
identifying multiple fixed genetic 
changes. Testing the ancient ver- 
sion of the gene Meq, a regulator 
of tumor formation, the authors 
found that virulence was greatly 
reduced compared with modern 
versions. These results shed light 
on the evolution of virulence in a 
major disease in modern agricul- 
ture. —CNS 

Science, adg2238, this issue p. 1276; 

see also adl6094, p. 1245 


STELLAR ASTROPHYSICS 
A population of stripped 


helium stars 


Removing the hydrogen-rich 
layers from a main sequence star 
exposes the helium-rich core. 
Such stripped helium stars are 
known at high and low masses, 
but not at intermediate masses, 
despite theoretical predictions 
that they should be common. 
Drout et a/. used ultraviolet 
photometry to identify candidate 
stripped helium stars in two 
nearby dwarf galaxies and then 
observed 25 such candidate stars 
with optical spectroscopy (see 
the Perspective by Sundavist 
and Sana). They found eight 
stars with spectra matching 
predictions for intermediate- 
mass stripped helium stars, and 
another eight with similar spectra 
that were blended with a main 
sequence companion. Most of 
these systems were shown to be 
binaries, in which the compan- 
ion stars probably stripped the 
outer hydrogen-rich layers off the 
helium stars. —KTS 

Science, ade4970, this issue p. 1287; 

see also ad|5676, p. 1240 


THERMOREGULATION 


Consistent comfort 
Clothing often helps to regu- 

late comfort, but it is normally 
focused on keeping a person 
either warmer or cooler. Wang et 
al. developed a thermoregulatory 
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clothing system that combines 
an organic photovoltaic with bidi- 
rectional electrocaloric devices 
that are capable of heating or 
cooling (see the Perspective by 
Huang and Li). Both components 
are flexible, which is important 
for personal thermal regulation 
applications. The device runs 
off of sunlight, so no additional 
power sources are needed, and 
it could be useful in a variety of 
harsh environments. —BG 
Science, adj3654, this issue p. 1291; 
see also adl5650, p. 1247 


ECOLOGICAL SCIENCE 
Shifting subsidies 
restructure food webs 


Subsidies from an ecosystem’s 
surrounding environments often 
play critical roles in structur- 
ing biological communities. 
Lin et al. show that on Orchid 
Island, which lies off the coast of 
Taiwan, a huge restructuring of 
its herpetofauna followed loss 
of an important marine-derived 
subsidy: green sea turtle eggs. 
Beach loss attributable to sea- 
level rise, habitat degradation, 
and predator-exclusion fences 
constructed to protect sea 
turtle nests caused predatory 
snakes that had been feeding 
on sea turtle eggs to shift inland 
to feed on the eggs of forest 
lizards. This study draws atten- 
tion to the complex, cascading 
consequences of environmental 
pressures and single-species 
conservation efforts. —SN 
Sci. Adv. (2023) 
10.1126/sciadv.adj7052 


IMMUNOLOGY 
How interferon signaling 
goes viral 


At the start of a viral infection, a 
few cells secrete type | inter- 
ferons (IFNs), which stimulate 
transcription factors to promote 
antiviral protein accumulation. 
Korwek et a/. measured how 
IFNs affect the signaling dynam- 
ics of transcription factors and 
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antiviral proteins in cells treated 
with poly(I:C), a viral RNA 
analog. These data were then 
used to generate a model that 
explained how IFN prestimula- 
tion caused poly(I:C)—treated 
cells to switch from being IFN 
responding to IFN secreting, a 
critical conversion for mounting 
an effective antiviral response. 
—JFF 
Sci. Signal. (2023) 
10.1126/scisignal.abql173 


VACCINES 
Weak T cell response 
in HIV vaccines 


Vaccine-generated CD8* T cells 
could play an important role in 
containing HIV below detect- 
able levels. In chronic infection, 
robust correlates of spontane- 
ous immunologic control have 
been identified. Based upon 
preclinical work in SIV- or SHIV- 
challenged Rhesus macaques, 
CD8* T cells induced by vaccines 
or passive transfer of antibodies 
during acute infection appear to 
fully suppress or even eradicate 
lentiviral infection. Despite these 
advances, the correlates of this 
activity are not fully understood. 
Migueles et al. report that low 
antigen levels present on HIV- 
infected targets caused impaired 
degranulation and low CD8* T 
cell-mediated cytotoxicity. The 
TCR repertoire was polyclonal, 
and transduction of these TCRs 
conferred the same reduced 
functions. Thus, effective CD8* T 
cell responses in HIV/AIDS vac- 
cination may require a strategy 
that drives further TCR clonal 
selection. —STS 

Science, adg0514, this issue p. 1270 


NK CELLS 
Human memory NK cells 


Natural killer (NK) cells are well 
known for their innate immune 
functions, but several stud- 

ies have alluded to their ability 
to develop antigen-specific 
memory responses. Jost et al. 
characterized antigen-specific 


NK cell memory responses in 
humans exposed to HIV-1 or 
influenza virus. They determined 
that epitope specificity was 
mediated by activating CD94/ 
NKG2C receptors engaging 
with peptides presented by 
the protein HLA-E. Antigen- 
specific memory NK cells also 
showed up-regulation of several 
biomarkers that help to define 
attributes of this subset. These 
findings provide critical insights 
into the mechanisms associated 
with antigen-specific memory 
NK cell responses that can 
potentially contribute to the 
development of vaccines and 
targeted therapies. —CNF 
Sci. Immunol. (2023) 
10.1126/sciimmunol.adi3974 
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step in optimizing the energy- 
intensive training step in NNs 
for more efficient solutions for 
modern Al systems. —YS 

Science, adi8474, this issue p. 1297 


PLANT OPTOGENETICS 
Illuminating ion 
interactions 


Protons (H*) and calcium ions 
(Ca?*) are often shuttled across 
cellular membranes and act as 
signals. In plants, protons accu- 
mulate highly in the extracellular 
space, whereas Ca?* stores can 
be found in the endoplasmic 
reticulum and other cellular 
compartments. H* and Ca@* 
concentrations in the cytoplasm 
are often closely correlated 
during signaling events. Huang 
et al. introduced a light-gated, 
protist-derived ion channel into 
plant cells, allowing selective 
transport of H* but not Ca?*. 
They found that induction of H* 
transport into the cytoplasm 
led to subsequent Ca?* release. 
This work establishes a causal 
relationship between intracellular 
pH and Ca?* signaling in guard 
cells and offers a new tool for 
manipulating ion movement in 
other contexts. -MRS 

Science, adj9696, this issue p. 1314 


KIDNEY DISEASE 
Multiomics for markers 


of maladaptation 

Although acute kidney injury 
(AKI) commonly affects 
hospitalized patients and is 
associated with adverse out- 
comes, it has been understudied 
in humans. Wen et al. integrated 
single-nucleus RNA-sequencing 
data from human kidney biopsy 
specimens with plasma pro- 
teomic data to identify markers 
of both proximal tubule mal- 
adaptation and healthy states. 
The authors validated these 
markers in independent patient 
cohorts as well as in mouse 
models of ischemia reperfusion 
injury and aristolochic acid— 
induced nephropathy. Proximal 
tubule maladaptation appears 
to occur in response to injury 
from a number of causes, and 
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the markers of proximal tubule 
health and disease identified 
here may be useful for both 
prognostic and drug develop- 
ment purposes. —MLN 
Sci. Transl. Med. (2023) 
10.1126/scitranslmed.ade7287 


ATMOSPHERES 
Supercharging new 
particle formation 


How are new particles formed in 
the air above the oceans, where 
ammonia, an important species 
in the process, is not very abun- 
dant? He et al. report that iodine 
oxoacids, which are plentiful 
in marine environments, can 
substantially increase the rate 
of new particle formation in the 
low-ammonia conditions com- 
monly found in pristine marine 
and polar regions. This effect 
could be particularly important 
in low-level marine stratocu- 
mulus clouds, which reflect a 
large fraction of incident solar 
radiation back into space and 
have an important influence on 
global radiation balance and 
climate. —HJS 

Science, adh2526, this issue p. 1308 


ARCHAEOLOGY 
Animal husbandry on 
the Tibetan Plateau 


Defining the timing of yak 
domestication and the appear- 
ance of taurine cattle on the 
Tibetan Plateau has been ham- 
pered by the scarcity of samples 
of either species found in secure 
archaeological contexts. Recent 
archaeological and genomic 
research conducted by Chen et 
al. on animal remains recovered 
from the Bangga site in central 
Tibet identified the presence of 
both domesticated yak and tau- 
rine cattle from 2500 years ago. 
The authors further discovered 
evidence for yak-cattle hybrids, 
and suggest that these findings 
offer evidence of husbandry 
strategies by ancient herders 
that improved the fitness of 
these species in this high-eleva- 
tion environment. —MSA 
Sci. Adv. (2023) 
10.1126/sciadv.adi6857 
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CHILDCARE 
Does it take a “village” 
to raise a child? 


Dominant psychological attach- 
ment theories originate from 
educated, Western populations 
and center on the mother-child 
relationship rather than on a “vil- 
lage” structure. However, during 
most of our evolutionary history, 
humans lived in hunter-gatherer 
communities that supported 
each other while rearing infants 
and toddlers. Chaudhary et 

al. scrutinized the Mbendjele 
contemporary hunter-gatherer 
communities in the Republic 

of Congo. Mbendjele children 
regularly received attention 

to soothe crying, tactile care, 
and daily physical contact from 
various caregivers far beyond 
their biological parents. This 
suggests that our ancestors may 
have enjoyed a more extensive 
support system that alleviated 
the high caregiving pressures 
that parents in contemporary 
Western countries now endure 
alone. More research is needed 
to understand the psychological 


returns on larger care networks 
for contemporary, Western 
children. —EEU 
Dev. Psychol. (2023) 
10.1037/devO001601 


COVID-19 
Thinking two steps ahead - 


T lymphocytes are immune 
cells that recognize pathogens 
and mount immune responses 
to infections such as those 

by the severe acute respira- 
tory syndrome coronavirus 2 
(SARS-CoV-2) virus that causes 
COVID-19. Tarke et al. inves- 
tigated how T cells recognize 
similarities between viruses 
within the same family, in par- 
ticular coronavirus strains that 
caused the COVID-19 and MERS 
pandemics, along with common 
cold coronaviruses. Certain 

viral fragments called epitopes 
are conserved among differ- 

ent coronaviruses. First, viral 
epitopes were identified that are 
recognized by T cells, followed 
by computational modeling to 
reveal the sequences shared 
between SARS-CoV-2 and other 
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Outlook cloudy 


he possible effects of marine 
microorganisms on cloudi- 
ness above the ocean, and 
the feedback that such 
effects might in turn have on 
climate, have been investigated 
for years, centering mostly around 
emissions of dimethyl! sulfide. 
Chamba et al. changed the focus 
to nitrate ions and their influence 
on marine aerosol nucleation. 
Their observations from experi- 
ments conducted in the South 
Pacific suggest that nitrate ions 
are key species involved in aerosol 
nucleation in the pristine marine 
atmosphere and that nitrate ion 
formation is related to short-term 
microbial processes and dimethy! 


coronavirus strains. These 
findings may help in the design 
of vaccines that elicit broader 
protection against multiple 
coronaviruses and, by extension, 
help to safeguard against future 
pandemic threats. —PNK 
Cell Rep. Med. (2023) 
10.1016/j.xcrm.2023.101088 


Gateway not gatekeeper 
General chemistry (GC) is known 
as a “gatekeeper” course that 
most STEM students take in their 
first semester of college, and this 
gatekeeper effect affects histori- 
cally marginalized students the 
most. Edwards et al. examined 
students’ persistence from GC1 to 
GC2 and found that GC]1 perfor- 
mance alone (i.e., class grade) did 
not fully explain students’ persis- 
tence to GC2. Instead, students’ 
social belonging in GCI, referring 
to a student's feeling of social 
connectedness to peers, instruc- 
tors, and course environment, 
was influential and differed across 
genders. These results confirm 
that there is more to CG success 
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than a grade, and suggest that 
students’ social belonging should 
be considered across the chemis- 
try curriculum. —MMc 
J. Chem. Educ. (2023) 
10.1021/acs.jchemed.2c01048 


Maternal front-loading 
White-browed sparrow weavers 
(Plocepasser mahali) build large, 
messy nests of twigs in acacia 
trees found in African savan- 
nahs. Each social group of these 
birds is dominated by a breeding 
pair, and offspring are cared for 
with the assistance of variable 
numbers of helpers. Capilla- 
Lasheras et al. have monitored 
breeding in this species over 

10 years. During that time, the 
authors found that if more 
female helpers were available, 
then the breeding female laid 
larger eggs but was subse- 
quently less involved in feeding 
young. More male availability 
for care did not result in greater 
egg investment because males 
are just not as good as females 
at feeding young. Somehow, 


mother sparrow weavers assess 
the value of postnatal help, thus 
enabling prenatal investment in 
the eggs. —CA 
PLoS Biol. (2023) 
10.1371/journal.pbio.3002356 


Cross-species 
transmission of emotions 


Many animals take advantage 
of social cues to guide their 
behavior. By sensing such cues 
from conspecifics, they can 
detect threats before encoun- 
tering them. Animals can also 
recognize the emotional expres- 
sions of other species. Such 
emotional eavesdropping often 
appears in interactions between 
humans and other animals, 
especially domesticated spe- 
cies. Kazmierowska et al. found 
that interaction with a human 
caregiver who had recently 
undergone fear conditioning 
changed rats’ behavior and 
activated their amygdala, the 
brain structure crucial for threat 
detection and orchestrating 
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sulfide formation. —HJS 


Geophys. Res. Lett. (2023) 
10.1073/pnas.2308696120 


Nitrate ions made by marine organisms 
may cause marine aerosol nucleation and 
enhance cloud formation over the ocean. 


defensive responses. —PRS 
Proc. Natl. Acad. Sci. U SA (2023) 
10.1073/pnas.2302655120 


Aweak but reactive 


iron carbene 


The triple bond of metal 
complexes to carbene ligands 
is uSually a low-spin singlet 
state, but Rao et al. now report 
a triplet carbene complex to 
iron. The oxidative addition of a 
ow-coordinate iron(O) complex 
into the carbon-sulfur bond of a 
five-membered ring of thioazole- 
2-ylidene yielded a six-membered 
iron carbene ring. The long triple 
bond, along with spectroscopic 
and theoretical results, sup- 
ports a triplet state. Unlike a 
typical singlet metal carbene, this 
complex can undergo thermal 
carbyne-coupling reactions that 
eliminate sulfur, as well as addi- 
tion reactions with electrophiles 
such as carbon dioxide and diphe- 
nylsilane. —PDS 

J.Am. Chem. Soc. (2023) 

10.1021/jacs.3c09280 
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Multifaceted SOX2-chromatin interaction underpins 
pluripotency progression in early embryos 


Lijia Lit, Fangnong Lai}, Xiaoyu Hut, Bofeng Liuy, Xukun Lu, Zili Lin, Ling Liu, 
Yunlong Xiang, Tristan Frum, Michael A. Halbisen, Fengling Chen, Qiang Fan, 


Amy Ralston, Wei Xie* 


INTRODUCTION: During early mammalian de- 
velopment, a totipotent embryo undergoes the 
first cell fate decision to form a blastocyst that 
includes inner cell mass (ICM) and trophecto- 
derm. ICM gives rise to epiblast, the origin of 
future embryonic lineages, and primitive en- 
doderm. Trophectoderm subsequently differ- 
entiates to placenta. Pluripotency—the ability 
for a cell to give rise to all primary embryonic 
lineages—emerges within ICM and transits 
through several states: naive, formative, and 
primed pluripotency. Pioneer transcription 
factors (TFs), such as OCT4 and SOX2, which 
can bind and open closed chromatin, are cru- 
cial for pluripotency regulation. However, 
their regulatory circuitry is largely inferred 
from cultured cells. How the master TFs gov- 
ern pluripotency progression in vivo remains 
challenging to study, largely because of the 
limited research materials from mamma- 
lian embryos. 


Totipotency Prepluripotency 


Settler 


Pioneer 


RATIONALE: To study TF-gene interactions 
in early mammalian embryos, we applied 
CUT&RUN to capture the chromatin bind- 
ing of SOX2, an early ICM marker, from em- 
bryonic day 3.5 (E3.5) to E7.5, which covers 
the entire progression of pluripotency in mouse 
embryos. Combined with RNA sequencing 
(RNA-seq) and assay for transposase-accessible 
chromatin sequencing (ATAC-seq) in Sox2 
knockout embryos and degron-tagged em- 
bryonic stem cells (ESCs), we investigated 
the roles of SOX2 in gene regulation and 
enhancer opening during pluripotency pro- 
gression in vivo and compared this with in 
vitro conditions. 


RESULTS: Our data revealed that SOX2 in 
E3.5 ICM has a regulatory circuitry distinct 
from that in all other pluripotent states and 
ESCs. Two massive relocalizations of SOX2- 
chromatin binding occurred when cells en- 


Pilot 


SOX2 regulatory circuitry during pluripotency progression reveals multifaceted master TF—enhancer 
interaction. SOX2 regulatory circuitry was dissected during the pluripotency transition in mouse early embryos. 
The prepluripotency state in E3.5 ICM is proposed to bridge totipotency to pluripotency. Three SOX2-enhancer 
interaction modes are shown: settler, pioneer, and pilot binding. 
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tered naive (E4.5 epiblast) and forma oct 
(E5.5 epiblast) pluripotent states, followe~, 
a less dynamic transition to E7.5 ectoderm. Tese 
changes were accompanied by a critical role of 
SOX2 in regulating the ICM-trophectoderm 
transcription program and the following naive- 
to-formative pluripotency conversion. 

Furthermore, we discovered that SOX2 man- 
ifests much more diverse binding modes at 
enhancers, which include “settler binding,” 
“pioneer binding,” and “pilot binding,” beyond 
a simple “pioneer factor.” SOX2 exhibits settler 
binding in E3.5 ICM, where SOX2 binds pre- 
accessible enhancers, and its loss does not 
substantially affect chromatin opening. These 
preaccessible enhancers are in part opened by 
early-stage expressing TFs TFAP2C and NR5A2. 
Notably, settler binding of SOX2 can still exert 
impacts on gene expression, especially at sites 
with strong SOX2 motifs. Pioneer binding of 
SOX2 becomes widespread in E4.5 epiblast : 
and naive ESCs (2i ESCs), where SOX2 is re- 
quired for opening naive enhancers, and its 
binding sites enrich the OCT4-SOX2 motif. Fi- 
nally, the pilot binding of SOX2 at many for- 
mative enhancers in 2i ESCs is insufficient for 
enhancer opening but poises enhancers for 
faster opening upon the conversion to forma- 
tive pluripotency. 


CONCLUSION: In this work, we dissected the 
SOX2-governed pluripotency regulatory net- 
work in mouse early embryos. These data re- 
vealed highly dynamic regulatory circuitry during 
pluripotency progression in vivo, especially 
when cells enter naive and formative pluri- 
potency. We also found multifaceted pioneer 
factor-enhancer interactions that underpin the 
transition of pluripotency states. Finally, these 
results also identified a distinct “prepluripo- 
tency” state in E3.5 ICM, between totipotency 
and pluripotency. Prepluripotency features the 
potency to give rise to both epiblast and primi- 
tive endoderm, coexpression of multilineage 
TFs, and a primitive pluripotency network that 
lacks interdependence of master pluripotency 
TFs and their pioneer binding. How these 
master TFs acquire chromatin opening ability 
to establish a pluripotency network when cells 
enter naive pluripotency warrants future in- 
vestigations. Hence, these data bridge the 
knowledge gap between in vivo development 
and in vitro cultured stem cells and pave the 
way for future studies to understand pluri- 
potency and cell fate decision. 
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Multifaceted SOX2-chromatin interaction underpins 
pluripotency progression in early embryos 


Lijia Li+?1, Fangnong Lai>}, Xiaoyu Hu}, Bofeng Liu’*+, Xukun Lu??, Zili Lin?, Ling Liu*?, 
Yunlong Xiang’, Tristan Frum®®, Michael A. Halbisen®, Fengling Chen’, Qiang Fan*”, 


Amy Ralston®, Wei Xie"?* 


Pioneer transcription factors (TFs), such as OCT4 and SOX2, play crucial roles in pluripotency 
regulation. However, the master TF-governed pluripotency regulatory circuitry was largely inferred 
from cultured cells. In this work, we investigated SOX2 binding from embryonic day 3.5 (E3.5) 

to E7.5 in the mouse. In E3.5 inner cell mass (ICM), SOX2 regulates the ICM-trophectoderm program 
but is dispensable for opening global enhancers. Instead, SOX2 occupies preaccessible enhancers 

in part opened by early-stage expressing TFs TFAP2C and NR5A2. SOX2 then widely redistributes 
when cells adopt naive and formative pluripotency by opening enhancers or poising them for 

rapid future activation. Hence, multifaceted pioneer TF—-enhancer interaction underpins 

pluripotency progression in embryos, including a distinctive state in E3.5 ICM that bridges 


totipotency and pluripotency. 


he mammalian embryo undergoes sev- 

eral rounds of cell cleavage after fertil- 

ization to give rise to a blastocyst (J, 2). 

In the mouse, blastocyst is specified in- 

to trophectoderm (TE), which eventually 
contributes to placenta, and inner cell mass 
(ICM) which subsequently differentiates into 
primitive endoderm (PrE) and epiblast (/-3). 
During this process, cells with pluripotency 
emerge and transit through several states that 
could be captured ex vivo, including the naive, 
formative, and primed pluripotency (4). Naive 
pluripotency is represented by the pluripotency 
state exhibited by naive embryonic stem cells 
(2i ESCs) that resemble preimplantation epiblast. 
After implantation, the epiblast cells acutely 
transit to the formative pluripotency state that 
manifests competence for both primordial germ 
cell (PGC) and somatic fate induction (4). This 
transition can be recapitulated by naive em- 
bryonic stem cells differentiating into epiblast- 
like cells (EpiLCs) (5). Finally, epiblast stem cells 
(EpiSCs), considered to recapitulate primed pluri- 
potency, could be derived from E5.5 to E8 epiblast 
or ectoderm (6). Unlike formative pluripotent 
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cells, EpiSCs have lost the competence to PGC 
induction (5). 

Transcription factors (TFs) play central roles 
in development by means of precise spatiotem- 
poral regulation of gene expression through 
action at cis-regulatory elements (7, 8). Key 
master TFs, such as NANOG, SOX2, and OCT4, 
are essential to the pluripotency network (9). 
Among them, SOX2 is the earliest and only 
pluripotent TF known to be restricted to the 
inner cells in the mouse morula (16-cell), the 
ICM progenitors (10). Sox2 deficiency in mice 
leads to epiblast formation failure and embry- 
onic lethality shortly after implantation (17). 
Because of the limited research materials from 
embryos, the regulatory circuitry governed by 
master pluripotency factors has largely been 
inferred from cultured cell models (9, 12, 13), 
with limited TF regulomes being investigated in 
mouse blastocysts (e.g., NANOG) (74, 15). There- 
fore, how these TFs regulate pluripotency and 
its transition in physiological conditions re- 
mains elusive. For example, Sox2-deficient em- 
bryos can still form blastocysts containing a 
morphologically normal ICM, which, how- 
ever, cannot give rise to ESCs. Consistently, 
ESCs lose pluripotency when SOX2 is depleted 
(11, 16). Furthermore, OCT4 and SOX2 are con- 
sidered to be “pioneer factors” that can open 
inaccessible chromatin and recruit other TFs 
(17, 18). How they potentially drive such pluri- 
potency transition in vivo remains unknown. 
In this work, we applied CUT&RUN to capture 
the SOX2-chromatin binding from E3.5 ICM 
to E7.5 ectoderm, which covers the entire pro- 
gression of pluripotency. Our results revealed 
that SOX2 engages enhancers through stage- 
and context-dependent action modes to regu- 
late development programs. Furthermore, these 
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data reveal a distinctive state and regulatory 
circuitry in E3.5 ICM that connects totipo- 
tency and pluripotency. 


Genome-wide mapping of SOX2-chromatin 
binding in mouse early embryos during 
pluripotency progression 


By identifying a SOX2 antibody to allow 
CUT&RUN analyses using as few as 200 cells 
(fig. S1, A to C), we examined SOX2-chromatin 
binding at stages when it is expressed, includ- 
ing E3.5 ICM from early and middle blastocyst, 
epiblast from E4.5 preimplantation embryos, 
E5.5 and E6.5 postimplantation embryos, and 
ectoderm dissected from E7.5 embryos (fig. 
82, A and B; Fig. 1, A and B; and materials and 
methods), which represent states from the on- 
set to the exit of pluripotency. For comparison, 
we also included 2i ESCs and EpiLCs, which 
resemble E4.5 epiblast and E5.5 epiblast, re- 
spectively (19). 

We conducted several analyses to validate 
these datasets. (i) The CUT&RUN data were 
reproduced between replicates (Fig. 1C and fig. 
S2C). (ii) Globally, 82.8 to 92.0% of SOX2 peaks 
occupied intergenic and intragenic regions away 
from promoters (fig. S2D), consistent with TFs 
predominantly binding to enhancers (8). For 
convenience, we refer to SOX2-bound distal 
regions as putative enhancers or enhancers 
hereafter. An examination of known SOX2 tar- 
get genes Pou5fl and Nanog (12, 16, 20) revealed 
SOX2 binding at their known enhancers (Fig. 
1D). (iii) We generated Sow2 maternal and zy- 
gotic knockout (mzKO) embryos and found 
that SOX2 binding was substantially dimin- 
ished in mutant E3.5 ICM (Fig. 1B and fig. S2E). 
(iv) Across all stages, SOX2-bound putative en- 
hancers were enriched for SOX2 motif and 
exhibited distinct motif enrichment compared 
with assay for transposase-accessible chroma- 
tin sequencing (ATAC-seq) (27) (Fig. 1E), which 
suggests that SOX2 binding is not simply de- 
pendent on chromatin accessibility. (v) Final- 
ly, by acute degradation of SOX2 in 2i ESCs 
(22) (fig. S3, A to C), we observed that SOX2- 
targeted enhancers near ICM-specific genes 
Upp! and Spic exhibited SOX2-dependent tran- 
scriptional regulatory activity (fig. S3D). Taken 
together, these analyses suggest that we have 
identified bona fide SOX2 binding targets in 
early embryos. 


SOX2 binding in E3.5 ICM manifests a state 
that is distinct from previously defined 
pluripotent states and stem cells 


Global analysis of SOX2 distal binding sites 
showed that SOX2 binding in E3.5 ICM and 
F4.5 epiblast was highly divergent from that at 
other developmental stages (Fig. 1, C, F, and G), 
as confirmed by correlation analyses (fig. S4A). 
SOX2 binding in E3.5 ICM was also distinct 
from that in 2i ESCs and EpiLCs. An analysis 
of gene expression and chromatin accessibility 
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Fig. 1. The dynamics of SOX2- B 
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(21, 23) independently supported the distinctive 
state of E3.5 ICM (fig. S4B). E3.5 SOX2 binding 
sites preferentially harbored motifs of NR5A2, 
GATA, and TFAP2C, which were also enriched 
in accessible chromatin at the earlier stage 
[8-cell (8C)] but not the OCT4 and the com- 
posite OCT4-SOX2 motifs (Fig. IE). These data 
suggest a poised state of E3.5 ICM that coex- 
presses not only master pluripotency genes 
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(Sox2, Oct4, and Nanog) but also PrE genes 
(Gata6) and early-stage TFs (Vr5a2 and Tfap2c) 
(3, 24, 25) (fig. S4C). 

SOX2 then underwent substantial redistri- 
bution when cells from E3.5 ICM entered naive 
pluripotency (E4.5 epiblast and 2i ESC) and 
again when cells entered formative pluripo- 
tency (E5.5 epiblast and EpiLC) (Fig. 1, C, F, 
and G). By contrast, stages from E5.5 epiblast 
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onward (E6.5 epiblast and E7.5 ectoderm) 
were clustered closely, which suggests a more 
gradual formative-to-primed pluripotency tran- 
sition. Because the pluripotency transition is 
a continuum, E5.5 epiblast may represent the 
formative state, whereas E6.5 epiblast may 
be transitionary between formative and primed 
pluripotency (4). Given their similarity, we 
mainly focused on E5.5 epiblast in subsequent 
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analyses. SOX2 binding showed a moderate 
transition from E6.5 epiblast to E7.5 ectoderm. 
A small number of binding sites were newly 
established in E7.5 ectoderm, accompanied 
by increased ATAC-seq and H3K27ac signals 
(fig. S4D). Only a small subset (8.8%) of SOX2 
distal peaks were shared among all seven cell 
types (Fig. 1G, “C8”). Genes related to blasto- 
cyst and ICM formation were enriched near 
SOX2 binding sites in E4.5 epiblast (fig. S4E, 
“C2”). Neural tube patterning- and stem cell 
maintenance-associated genes were enriched 
near enhancers shared in E5.5 epiblast, ecto- 
derm, and EpiLCs (fig. S4E, “C6”). These data 
demonstrate highly dynamic SOX2 binding 
during pluripotency progression. 


SOX2 is required for the ICM-TE lineage 
program in E3.5 ICM 


To investigate whether SOX2 binding in E3.5 
ICM is linked to gene expression, we compared 
SOX2 binding from E3.5 ICM with that from 
F4.5 epiblast. E3.5 ICM-specific SOX2 binding 
preferentially resided near E3.5 ICM-specific 
genes (e.g., Gata6), whereas E4.5 epiblast-specific 
SOX2 binding tended to occur near F4.5 epiblast- 
activated genes (e.g., Leff) (Fig. 2A, “RNA”). We 
then performed single-cell RNA sequencing 
(scRNA-seq) in wild-type (WT) and Sox2 mzKO 
E3.5 ICM (Fig. 2, B and C). The coexpression 
of the epiblast gene Nanog and the PrE gene 
Gata6 in most cells (fig. S5A) confirmed that 
the epiblast and PrE segregation has not started 
in E3.5 ICM (3). The mutant cells were glob- 
ally separated from WT cells (Fig. 2B), with 
510 genes up-regulated and 623 genes down- 
regulated in the mutant cells (fig. S5B). In total, 
239 of the up-regulated genes were TE-enriched 
genes (such as Gata3, Kri8, Eomes, and Id2), 
whereas 99 of the down-regulated genes were 
ICM specific (Fig. 2D and fig. S5C). The latter 
included not only epiblast-enriched genes, 
such as Spic, Fgf4, Utf1, and Upp1, but also 
PrE genes, such as Sox17 and Pdgfra (Fig. 2E). 
Notably, the expression of Pow5f1 and Nanog 
was not significantly affected as previously 
reported (70) (Fig. 2C and fig. S5A). Therefore, 
although the blastocyst morphology appears 
unaffected (J0, 11), the ICM-TE transcription 
program is severely impaired in Sox2 mu- 
tant ICM. 

The OCT4 and SOX2-OCT4 composite motif 
enrichment within SOX2 binding sites was 
low in E3.5 ICM (Fig. 1E). They became enriched 
in E4.5 epiblast (Fig. 1G), which indicates that 
the cooperativity of these two pluripotency 
factors may only become mature when cells 
enter naive pluripotency. Although altered 
ICM-TE expression was also reported in Oct4 
KO E3.5 ICM (26) (fig. S6A), the gene expres- 
sion changes between Oct4 KO and Sox2 KO 
E3.5 ICM overall showed a weak correlation 
(correlation coefficient 7 = 0.15) (fig. S6B). Only 
96 down-regulated genes (e.g., ICM-specific 


Li et al., Science 882, eadi5516 (2023) 


genes Fgf4, Sppi, and Spic) and 95 up-regulated 
genes (e.g., TE-specific genes Dppal, Gata3, and 
Krti8) were shared in Sox2 and Oct4 KO ICM 
(fig. S6C), which indicates that OCT4 and SOX2 
have both shared and specific functions at 
this stage. 


SOX2 binds preaccessible chromatin 
and is dispensable for enhancer opening 
in E3.5 ICM 


We next investigated how enhancers were 
affected in Sor2 mzKO E3.5 ICM. However, 
ATAC-seq showed few global changes at the 
SOX2-bound sites (Fig. 3, A and B). A close 
examination revealed that 75.5% of SOX2- 
occupied sites in ICM—either E3.5 ICM-specific 
or E3.5 to E4.5 shared—were already accessible 
(“preaccessible,” or “preaccess”) in 8C embryos 
(Fig. 3, A and C, “Fg/#”) when Sox2 expression 
was still undetectable (Fig. 1A and fig. S2A). 
SOX2 binding was diminished at preaccessi- 
ble sites in Sor2 KO ICM, which confirms that 
these are bona fide signals (fig. S6D). Although 
the remaining SOX2-occupied sites became 
accessible after the 8C stage (opened de novo 
after Sox2 expression, or “de novo”) (Fig. 3, A 
and C), SOX2 was largely dispensable for ac- 
cessibility of both preaccessible and de novo en- 
hancers (Fig. 3, A and B). In fact, one-third of the 
de novo sites already showed deoxyribonuclease 
(DNase) I hypersensitive sites sequencing (DNase- 
seq) signals (27) in morula at the 16C stage (fig. 
S6E). By contrast, E4.5 epiblast-specific SOX2- 
bound enhancers required SOX2 for opening 
(Fig. 3C, “Pdgfc,” and Fig. 3D), which displayed 
stronger SOX2 motif enrichment compared 
with E3.5 ICM-specific enhancers (Fig. 3A). 
Hence, SOX2 preferentially resided at preac- 
cessible chromatin sites in E3.5 ICM. We re- 
ferred to this TF binding mode, in which a TF 
binds enhancers that are preaccessible and 
its loss does not substantially affect chroma- 
tin opening, as “settler binding” (28). SOX2 
then adopted an indispensable role in open- 
ing E4.5 epiblast-specific enhancers, which 
we referred to as “pioneer binding.” We note 
that settler and pioneer here refer to different 
TF binding modes, which may come from the 
same TF (e.g., SOX2), rather than different 
classes of TFs. 

We investigated whether such settler bind- 
ing of SOX2 is associated with gene expres- 
sion. We found that genes down-regulated (but 
not the up-regulated genes) in Sox2 KO E3.5 
ICM preferentially resided near enhancers 
that were bound by SOX2 in both E3.5 ICM 
and E4.5 epiblast (Fig. 3B, “RNA,” “shared,” 
and “preaccess”). These enhancers harbored 
strong SOX2 motif enrichment similar to E4.5 
epiblast-specific enhancers (Fig. 3A, “SOX2 
motif”). By contrast, SOX2 settler binding at 
E3.5 ICM-specific enhancers, which exhib- 
ited much weaker SOX2 motif enrichment, 
appeared to have minimal impacts on near- 
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by genes (Fig. 3B, “E3.5 ICM specific” and “pre- 
access”). Therefore, settler binding of SOX2 at 
enhancers with strong SOX2 motifs is asso- 
ciated with gene activation. 


Early-stage expressing TFs are responsible for 
opening preaccessible SOX2 binding sites 


We next investigated which TFs might be re- 
sponsible for opening preaccessible SOX2 
binding sites. Both E3.5 ICM-specific and E3.5 
ICM-E4.5 epiblast shared SOX2-bound en- 
hancers enriched for motifs of TFAP2C, NR5A2, 
and GATA (Fig. 4A). Tfap2c and Nr5a2 show 
highest expression at the 4C to 8C stages (fig. 
S4C), and both are essential for embryogen- 
esis (29-31). TFAP2C regulates cell polarity 
starting from the 2C stage before being re- 
stricted to extraembryonic lineages in the late 
blastocyst (32, 33). NR5A2, a pioneer factor 
(34), is essential for naive pluripotency (to- 
gether with ESRRB) in 2i ESCs (35) and can * 
regulate the ICM program as early as the 8C 
stage (21). KO of Nrd5a2 arrested embryos at 
the morula stage (36, 37). 

We then examined the occupancy of TEFAP2C 
and NR5A2 (37) in 8C embryos using CUT&RUN. 
TFAP2C and NR5A2 extensively resided at 
preaccessible sites but not at E4.5 epiblast- 
specific SOX2 binding sites (Fig. 4, A and 
B). Among 5578 distal SOX2-bound peaks in 
E3.5 ICM, 1571 and 1281 sites were already occu- 
pied by TFAP2C and NR5A2, respectively, at 
the 8C stage before Sox2 expression (Fig. 4C). 
To determine whether these TFs can open these 
enhancers, we conducted ATAC-seq in Tfap2c 
mzKO 8C embryos. Depletion of TFAP2C pre- 
ferentially reduced accessibility of preaccessi- 
ble enhancers specifically bound by TFAP2C 
(Fig. 4D and fig. S7A). Overall, TFAP2C con- 
tributed to opening 35% preaccessible en- 
hancers (SOX2-bound in E3.5 ICM) (Fig. 4E). 
A similar but less widespread effect was ob- 
served for NR5A2 at 8C, as Nr5a2 knockdown 
decreased chromatin accessibility of 23% of 
preaccessible enhancers (Fig. 4E and fig. S7B). 
Together, TFAP2C and NR5A2 accounted for 
opening 49% preaccessible enhancers (with 
9% regulated by both) (Fig. 4E). The rest of the 
preaccessible sites may be opened by other 
early-stage TFs (e.g., GATA) (Fig. 4A). 

In 8C embryos, NR5A2 was preferentially 
required for opening chromatin at the 8C- 
specific binding sites but not regions bound 
by NR5A2 starting from the 2C stage (fig. 
S7C, “8C ATAC”), which suggests that these 
2C-specific sites were also preaccessible for 
NR5A2. Indeed, Nr5a2 knockdown did not 
substantially affect global chromatin acces- 
sibility in 2C embryos (fig. S7C, “2C ATAC”), 
resembling SOX2’s role in opening enhancers 
in E4.5 epiblast but not E3.5 ICM. Therefore, 
these data indicate that both SOX2 and NR5A2 
tend to initially exhibit settler binding at pre- 
accessible enhancers that are likely opened 
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Fig. 2. SOX2 regulates ICM-TE lineage gene expression in E3.5 ICM. 
(A) (Left) Heatmaps showing enrichment of SOX2 binding signal at E3.5 ICM- 
specific (n = 1534), E4.5 epiblast-specific (n = 2848), and shared (n = 2223) 


SOX2 binding peaks. (Middle) The cumulative distribution of E3.5 ICM-specific, 


E4.5 epiblast-specific, and all genes shows the fraction of genes within 
defined distances (x axis) between their transcription start sites (TSSs) to the 
nearest distal SOX2 binding peaks. (Right) UCSC browser views show SOX2 
binding enrichment of representative genes. Gene expression is shown in 
heatmaps. (B) A t-distributed stochastic neighbor embedding (t-SNE) plot for 
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scRNA-seq of control (blue) and Sox2 mzKO (red) ICM at E3.5. (€) Box plots 
showing Sox2, Oct4, and Nanog gene expression in control and Sox2 mzKO ICM 
single cells, with P values (t test, one-sided) indicated. (D) (Left) Heatmaps 
showing the fold changes between ICM and TE gene expression. (Middle) The 
expression in control (Ctrl) and Sox2 mzKO single cells (row z-score normalized) 
is mapped. (Right) The aggregated KO/control gene expression ratios (across 

all single cells) are shown. (E) Box plots showing expression of representative 
epiblast (EPI), PrE, and TE markers in control and Sox2 mzKO ICM single cells, 
with P values (t test, one-sided) indicated. 
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Fig. 3. SOX2 is dispensable for global enhancer accessibility in E3.5 ICM. 
(A) (Left) Heatmaps showing enrichment of SOX2 binding signal, ATAC-seq signals, 
and SOX2 motif density (number of motifs per base pair) at SOX2 binding peaks. 
The E3.5 ICM-specific peaks are further clustered into preaccessible (n = 1177) and 
de novo (n = 357) peaks on the basis of their accessibility states in 8C embryos. 
The shared peaks are also clustered into preaccessible (n = 1658) and de novo 

(n = 565) peaks. (B) (Left) Heatmaps and average plots showing enrichment 


by other TFs before adopting a more active 
role in opening enhancers at later stages. 


SOX2 mediates global enhancer opening 
in naive pluripotent cells 


Although SOX2 was required to open E4.5 
epiblast-specific enhancers, the failure to open 
these enhancers in Sov2 mzKO mutants could 
also be indirectly caused by earlier defective 
development (Fig. 2D). Therefore, we investi- 
gated the dependence of SOX2 for opening 
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ATAC-seq signals in contro 


enhancers in 2i ESCs, which resemble E4.5 epi- 
blast (4, 38). We confirmed that E4.5 epiblast- 
specific, but not E3.5 ICM-specific, enhancers 
were preferentially bound by SOX2 in 2i ESCs 
(Fig. 2A). About 67.3% of SOX2 binding sites 
in E4.5 epiblast were recaptured in 2i ESCs. 
We then focused on SOX2 binding sites that 
were shared between 2i ESCs and E4.5 epiblast 
(Fig. 5A). RNA-seq showed that transcriptome 
defects were minimal at 12 hours upon SOX2 
degradation but became apparent after 24 hours 
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-2 center 2 kb 


of ATAC-seq signals in control and Sox2 mzKO E3.5 ICM at SOX2 binding peaks. 
(Right) The cumulative distributions of down-regulated, up-regulated, and all genes 
in Sox2 mzKO E3.5 ICM show the fraction of genes within defined distances (x axis) 
from their TSSs to the nearest SOX2 binding peaks. (€) UCSC browser views 
showing SOX2 binding (dashed boxes) and ATAC-seq enrichment of representative 
genes. (D) Heatmaps and average plots showing enrichment of SOX2 binding and 


and Sox2 mzKO £4.5 ICM at SOX2 binding peaks. 


(fig. S8A). Differentially expressed genes (DEGs) 
within 48 hours (521 down-regulated and 462 
up-regulated) upon SOX2 degradation were 
identified (fig. S8A). Compared with DEGs in 
Sox2 KO E3.5 ICM, only 52 down-regulated genes 
were shared, including 12 epiblast-specific genes 
(e.g., KUP2, Fef4, and Etv5). E3.5 ICM-specific 
down-regulated genes contained more PrE genes 
(e.g., Gata4, Pdgfra, and Sox17), whereas ESC- 
specific down-regulated genes included more 
epiblast markers (e.g., Esrrb, Kif4, and Nanog) 
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Fig. 4. Early-stage express- A 
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(Fig. 5B and fig. SSB). Hence, SOX2 is required 
for broad expression of pluripotency marker genes 
in 2i ESCs but not in E3.5 ICM. On the other 
hand, several key TE markers were up-regulated 
in both cell types (e.g., Gata2, Id2, and Krt8/18) 
(>Fig. 5B). These results support a distinct state of 
E3.5 ICM from naive ESCs, in part reflected by 
its primitive pluripotency network and broader 


potency toward both epiblast and PrE. 


Li et al., Science 382, eadi5516 (2023) 


7? 
-2 center 2 kb 


low (ag high 


33 
Normalized RPKM Log2 RPKM ratio 


We then performed ATAC-seq and H3K27ac 
chromatin immunoprecipitation followed by 
sequencing (ChIP-seq) at day 0.5 (D0.5, or 
12 hours) after SOX2 degradation, when tran- 
scription perturbation was still small (fig. 
S8A), to minimize secondary effects. About 
59.8% of SOX2-bound ATAC peaks were al- 
ready lost compared with only 36.8% of SOX2- 
unbound enhancers (Fig. 5C and fig. S9A; 
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1 
2 center 2 kb 


see Fig. 5D for example). SOX2-dependent 
enhancers showed relatively stronger SOX2 
binding and SOX2 motif enrichment (Fig. 5, 
E and F). Enhancers with both SOX2 and 
OCT4 motifs showed the highest SOX2 binding 
and SOX2 dependency (fig. S9B). Moreover, the 
putative target genes of the SOX2-dependent 
enhancers (materials and methods) were down- 
regulated at an earlier time point (D0.5) upon 
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ATAC-seq peaks and all genes 
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two-sided) indicated on top. The arrows indicate the time when a significant decrease of gene expression is detected. 


SOX2 loss compared with targets of SOX2- 
independent enhancers, which were down- 
regulated around day 2 (Fig. 5G), supporting 
more direct SOX2 impacts. SOX2-independent 
enhancers showed comparable ATAC-seq and 
even stronger H3K27ac signals compared with 
SOX2-dependent enhancers in WT cells (Fig. 
5E), which suggests that they may be opened by 
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other TFs, although the motif analysis did not 
reveal obvious candidates (fig. S9C). In sum, 
these data suggest that in the naive pluripotent 
state, SOX2 opens enhancers—preferentially 
those with SOX2 or OCT4 motifs—in a pioneer 
binding mode. Together with the dispensabil- 
ity of SOX2 for opening global enhancers in 
E3.5 ICM, this result is in line with the finding 


2023 


that Sox2-null embryos can give rise to ICM but 
not to ESCs (7D). 


The second acute global binding transition 
underlies the essential role of SOX2 for 
formative pluripotency induction 


Sox2-null embryos die shortly after implan- 
tation (17). Coincidently, SOX2 binding sites 
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showed a second major relocalization from 
F4.5 epiblast to E5.5 epiblast (fig. SIOA), which 
suggests an involvement of SOX2 during the 
naive-to-formative pluripotency transition. 
In this process, whereas pluripotency genes 
Sox2 and Oct4 continue to be expressed, naive 
pluripotency genes (e.g., Nanog, Tbx3, and 
Tbx20) are repressed, and postimplantation 
epiblast genes (e.g., Sall2, Fefd, and Fgf15) are 
activated (5). Accordingly, the motifs of SOX2 
and OCT4 were enriched at both E4.5 epiblast- 
and E5.5 epiblast-specific SOX2-bound en- 
hancers. By contrast, E5.5 epiblast-specific 
sites were enriched for motifs of ZIC3 and 
OTX2 (fig. SIOA)—two TFs up-regulated dur- 
ing formative pluripotency induction, which 
mediate the naive-to-formative transition 
(39-42). 

Because early lethality precludes the study 
of SOX2’s role during the naive-to-formative 
pluripotency transition in vivo, we used the 
2i ESC-to-EpiLC conversion ex vivo model 
(5, 43). SOX2 binding in EpiLCs recapitu- 
lated that in E5.5 epiblast, with its binding 
sites enriched for the motifs of OTX2 and 
ZIC3 (fig. S10A). In fact, the co-occupancy of 
SOX2 with OCT4, ZIC3, and OTX2 was ob- 
served in EpiLCs (fig. S10B). After SOX2 de- 
pletion, global gene expression transition 
from naive-to-formative pluripotency was se- 
verely impaired (Fig. 6, A and B). About 57.3% 
(425 of '742) naive genes failed to be properly 
repressed (fig. S11A, left, “Down dependent”), 
and 78.2% (453 of 579) formative genes showed 
defective activation, including marker genes 
Pou3fl, Fef15, Dnmt3a/b, Zic3, and Otx2 (fig. 
SIIA, left, “Up dependent,” and fig. S11, B 
and C). The differentiation defects are likely 
a result of a systematic failure of the tran- 
scription program because they cannot be 
rescued by reintroducing Otx2 or Zic3 alone 
(fig. S11D). Supporting a direct role in gene 
activation, SOX2 in EpiLCs preferentially 
occupied enhancers near SOX2-dependent 
formative genes (fig. SI1A, right). To probe 
how enhancers were globally affected upon 
the loss of SOX2, we performed ATAC-seq 
and H3K27ac ChIP-seq during the ESC-to- 
EpiLC transition. The decommissioning of 
ESC-specific enhancers (indicated by the loss 
of ATAC-seq peaks) upon differentiation was 
largely unaffected by SOX2 depletion (fig. 
S12A). However, 85% of SOX2-bound, newly 
established EpiLC-specific enhancers (com- 
pared with 61% of SOX2-unbound enhancers) 
failed to be properly established (Fig. 6C). 
To further validate the direct function of SOX2 
at these enhancers, we tested SOX2-bound 
enhancers near Ot#2 and Zic3—two SOX2- 
dependent formative genes in EpiLCs (fig. 
S12B). All five enhancers that we tested drove 
strong reporter activities, with four being 
SOX2 dependent (fig. S12B). In sum, SOX2 is 
essential for the naive-to-formative pluripo- 
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tency conversion and is required for the ac- 
tivation of formative enhancers. 


Prebinding of SOX2 is insufficient 
to open enhancers but correlates 
with faster future enhancer opening 


We hypothesized that SOX2-dependent formative- 
specific enhancers were activated by SOX2 
through pioneer binding. However, we found 
that 54% of these enhancers were already pre- 
bound by SOX2 in 2i ESCs, despite still being 
inaccessible when assayed by ATAC-seq (Fig. 
6D, “Dnmt3b,” and Fig. 6E, “prebinding”). SOX2 
binding at these sites further increased upon 
differentiation to EpiLCs. Prebinding of SOX2 
at these enhancers was also observed in E4.5 
epiblast in vivo (fig. SI3A, “SOX2 in vivo”). The 
remaining 46% acquired SOX2 binding during 
differentiation, consistent with pioneer binding 
(Fig. 6D, “Fefi5,” and Fig. 6E, “pioneer binding”). 
We investigated whether these enhancers with 
SOX2 prebinding and pioneer binding exhibit 
functional differences. Predicted target genes 
of both groups were activated with similar 
kinetics upon 2i ESC-to-EpiLC differentiation, 
in a SOX2-dependent manner (Fig. 6D, “Lost”). 
Thus, both SOX2 prebinding and pioneer bind- 
ing were required for gene activation. By con- 
trast, SOX2 was not essential to activate targets 
of SOX2-independent formative enhancers 
(Fig. 6D, “Retained”). 

We then sought to identify features that dis- 
tinguish prebinding and pioneer binding en- 
hancers. Both classes were depleted of H3K4me1 
in ESCs, which indicates that they were not 
the classic “poised” enhancers (44) (fig. SI3A). 
However, pioneer binding sites were enriched 
for both the SOX2 motif and the OTX2 motif, 
suggesting cooperative binding upon forma- 
tive pluripotency induction (Fig. 6, F and G). 
Prebinding sites were more enriched for the 
SOX2 motif, which raises the possibility that 
such a strong motif is sufficient to recruit SOX2 
in 2i ESCs, which may lower the threshold of 
enhancer activation to compensate for the 
weak OTX2 motif. We found that prebinding 
enhancers became accessible faster than pioneer 
binding enhancers during formative induction 
(Fig. 6E and fig. S13B), an observation also re- 
produced when analyzing H3K27ac (fig. S13C). 
Finally, OTX2 binding showed comparable in- 
creases in the two groups (fig. S13A, “OTX2”). 
We speculate that the increased binding of 
OTX2 in the prebinding enhancer group lacking 
its motif could be facilitated by other factors, such 
as SOX2. These data indicate that although pre- 
binding of SOX2 is insufficient to open forma- 
tive enhancers, it may poise those with weak 
formative TF motifs for faster future opening. 


SOX2 prebinds germ layer enhancers 
in E5.5 epiblast 


The fact that SOX2 can prebind and possibly 
poise enhancers for future activation prompted 
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us to explore whether this observation can 
be extended to other developmental processes. 
During gastrulation, SOX2 is required to drive 
neural ectoderm differentiation (45). Many 
enhancers in ectoderm are already primed 
in mouse epiblast (23, 46), consistent with the 
model that ectoderm is a default differentia- 
tion lineage from epiblast (47). By identifying 
the putative enhancers specific to epiblast and 
three germ layers using ATAC-seq data (23), we 
found that SOX2 occupied not only epiblast- 
specific but also 45% of ectoderm-specific en- 
hancers in E5.5 epiblast (fig. S14, A and B). 
Moreover, SOX2 preferentially resided near 
both epiblast-specific and ectoderm-specific 
genes in E5.5 epiblast (fig. S14C). Upon the tran- 
sition to ectoderm, SOX2 binding at ectoderm- 
specific enhancers was strengthened, whereas 
SOX2 binding at epiblast-specific enhancers 
was lost (fig. S14A). Hence, SOX2 prebinds a 
subset of developmentally regulated enhancers, ° 
which supports the notion that SOX2 func- 
tions as a lineage specifier toward ectoderm 
during gastrulation, and that formative pluri- 
potence installs competence for somatic lin- 
eage specification (4). The prebinding of SOX2 
resembles the reported binding of pioneer TFs 
and nonpioneer “bookmarking” TFs to regula- 
tory elements before gene activation (48), but 
this binding does not immediately create open 
chromatin before receiving further differen- 
tiation cues. Therefore, we referred to such 
prebinding as “pilot binding,” which further 
demonstrates the flexibility and versatility of 
pioneer factors in different cellular contexts. 
In fact, a quantitative analysis of enhancers for 
their SOX2 binding and chromatin accessibil- 
ity across developmental stages revealed that 
different modes of SOX2-chromatin interac- 
tions are under constant transition (Fig. 7A). 
These distinct binding actions likely depend 
on cell type-specific cooperative TFs as well as 
genetic and epigenetic contexts. 


Discussion 


Tremendous progress has been achieved to 
understand the molecular circuitry underly- 
ing pluripotency regulation using stem cell 
models. How master TFs guide pluripotency 
progression in vivo remains poorly under- 
stood. In this work, by profiling the chroma- 
tin binding of SOX2 in mouse early embryos, 
we found a chromatin state and transcrip- 
tion circuitry for E3.5 ICM that differs from 
all other pluripotent states. The potency of 
E3.5 ICM exceeds pluripotency because it can 
give rise to epiblast and PrE. Moreover, E3.5 
ICM shows distinct transcriptome and chro- 
matin accessibility (fig. S4B), which likely 
reflect the coexpression of pluripotency factors, 
early-stage TFs, and extraembryonic lineage 
TFs. The pluripotency master TF-mediated 
regulatory network appears still at a primitive 
stage in E3.5 ICM, as supported by multiple 
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Fig. 6. Depletion of SOX2 B 
impedes the naive-to-formative 2i ESC to EpiLC transition 
pluripotency transition. EpiLC 
(A) Schematic showing differ- eee s PES SIEM r ES.5 Ep 
entiation of SOX2-dTAG 2i ESCs ~ ene ESC —> EpiLC 
4 A = —— 
to EpiLCs with DMSO or dTAG ES 3 snes 
treatment. (B) PCA showing Lanvin’. GS a Day0 05123 
RNA-seq of cells from 2i ESCs 
to EpiLCs at day O to day 3 with puso ESC am EpiLc 
DMSO (blue) or dTAG (red) dTAG SS -io0 = 50t«C 50 
treatment. (C) Pie charts DayO0 0512 3 PC3 (10.4%) 
showing the percentages of lost 
and retained peaks at EpiLC- 
specific distal ATAC-seq peaks D Lost Retained 
with or without SOX2 binding. Pre-binding |! Pioneer binding; se 
(D) (Top) UCSC browser views EpiLC specific ATAC ig mr 1 Bb 3b Pie “ 
and heatmaps showing SOX2 in dTAG EpiLCs ne Bie BY L Ua gaa _ ee r i Fl 
binding signals, ATAC-seq, Lost D3| _ oe vee i. ee a mee i my L 
H3K27ac enrichment, and gene Retained dTAG » a ea i en ad iia = 
expression of representative DO ee ane ona ae 
genes in 2i ESCs (DO) and poe Fane H3K27ac | 5. |DMSO las ee rocer em wa All a 
DMSO- and dTAG-treated EpiLCs ee ea CUAG: sbi cieice Foul (aati lE 
(D3). Arrows and dashed boxes S0x2 2iESC o aul: ts es ee yd a ee 8 
indicate lost or retained ATAC- EpILG eadhe cae, 1 i re _° 
SOX2-unbound aS — ! oe — 
seq peaks. (Bottom) Box plots in EpiLCs Dnmt3b > 1 Fors @ pears 
show the relative expression sae ; en oe 
(row z-score normalized) of 3, 2etos * 1g. 2x10 1 gq 24108 | 
predicted target genes of peaks Target gone c at + Tr org! To aor 
: . ma expression os TI TT ' \ I Tit 1 
during the EpiLC transition, ; 23 rt Tree, yTr4 TTA I TT emia 
with P values (t test, two-sided) pmso "°CSSSERG @ 0} 0URRLOUR | °]QcuRELoHe | ° ee | ea 
indicated on top. (E) (Left) dTAG wwe teat iat! Re ee See basttytat 
Heatmaps showing enrichment Day0 0.51 2 3 a}t 0 rt 1 atte 2.) 2 = 
of SOX2 binding and ATAC-seq DO DMSO dTAG ! DO DMSO dTAG i DO DMSO dTAG 
signals at the lost and retained 
EpiLC-specific ATAC-seq peaks 
during the EpiLC transition SOX2-bound EpiLC specific ATAC F Relative motif 
with DMSO or dTAG treatment. cokes enrichment 
The lost peaks are further sox2 DMSO aTAG Pre-binding _ 
clustered into SOX2 prebinding DO D3 DOD05D1 D2 D3D05D1 D2 Ds 6 mioneeh sae 
and pioneer binding sites in 2i | i ; 3 a Pos 
; Ym SAK A PA 
ESCs. (Right) Line charts show Pre- Bs SFE COE 
the average ATAC-seq, enrichment binding J} i 8 COO oO0O° 
at the SOX2 prebinding or (54.2%) ; 5 0000000 
pioneer binding EpiLC-specific ae) ; : bs 
ATAC-seq peaks. (F) TF motifs : ; =? Seti tls ne 
identified from EpiLC-specific : DayO 05 1 2 3 G 
ATAC-seq peaks with SOX2 ia | a », SOX2 4 OTX2 
prebinding or pioneer binding. (45.8%) } : ra 2 
Sizes of circles indicate levels ; 8 3h----f pert. 3g i 
of -log P values. (G) Density : g 3 al) lay 
j j Retained ; : 6 0: 0 
plots showing corresponding TF (15%) af ; stetske 2, 


motif density at SOX2 prebind- 
ing or pioneer binding EpiLC- 
specific ATAC-seq peaks. 


pieces of evidence. (i) SOX2’s binding peaks 
are less enriched for motifs of SOX2, OCT4, 
and OCT4-SOX2 but are more enriched for 
the motifs of early-stage TFs (such as NR5A2, 
TFAP2C, and GATA) (Fig. 1E). SOX2 binds pre- 
accessible chromatin in part opened by these 
early-stage TFs (Fig. 4E). (ii) The OCT4-SOX2 
motif enrichment in SOX2-bound sites is strong 
in 2i ESCs and E4.5 epiblast but not in E3.5 
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ICM, which raises the possibility that the co- 
operative function of OCT4 and SOX2 may 
only become dominant after entering naive 
pluripotency. Accordingly, although both OCT4 
and SOX2 promote ICM-specific genes and re- 
press TE-specific genes in E3.5 ICM (26, 49, 50), 
their targets appear to differ (fig. S6B). More- 
over, the transcriptional interdependence of 
master pluripotency TFs OCT4, SOX2, and 
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SOX2-bound ATAC peaks 
(center + 2Kb) 


SOX2-bound ATAC peaks 
(center + 2Kb) 


NANOG in ESCs (72, 16, 51, 52) was also not 
observed in E3.5 ICM. Unlike that in ESCs (/0), 
Sox2 KO in E3.5 ICM did not affect expression 
of Oct4 or Nanog (Fig. 2C), and Oct4 KO did 
not affect Nanog expression and only partially 
down-regulates Sox2 (26, 53, 54) (fig. S6A). (iii) 
SOX2 is globally dispensable for enhancer open- 
ing in E3.5 ICM, whereas it is essential for open- 
ing enhancers genome-wide in 2i ESCs and E4.5 
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Fig. 7. SOX2-chromatin binding A 
in early development and its 
multifaceted interaction modes 
with enhancers. (A) Alluvial 
diagrams showing the dynamics 
states of enhancers for their SOX2 
binding and accessibility (based 
on ATAC-seq) in embryos. The 
percentages of each class of 
SOX2-chromatin interactions 
(combination of SOX2 occupancy 
and chromatin accessibility) within 
all enhancers (pooled from all 
stages examined) are shown for 
each stage. (B) A model illustrating 
the multifaceted SOX2 interaction 
modes with enhancers during the 
pluripotency transition. Three SOX2 
binding modes are proposed: 
settler, pioneer, and pilot binding. 
The settler binding refers to SOX2 
binding preaccessible enhancers, B 
and its depletion does not substan- 

tially affect chromatin opening, as 
exemplified by most SOX2 binding 

in E3.5 ICM. The pioneer binding 

occurs in E4.5 epiblast or 2i mESCs, 
where SOX2 is required to establish 

or maintain the enhancer accessi- 

bility. The pilot binding of SOX2 at 

many formative enhancers in 2i 

mESCs is insufficient for enhancer 
opening but may help poise 

enhancers for faster opening upon 
conversion to formative pluripo- 

tency. E3.5 ICM is in a prepluri- 

potency state to bridge totipotency 

to pluripotency, featured by coex- 
pression of multilineage markers 
(epiblast, PrE, and early-stage TFs), 
expanded potency toward epiblast 

and PrE, and a primitive pluripo- 

tency network. 


Open 


Enhancer 


epiblast. A larger role of pluripotency factors 
in ESCs is consistent with them being required 
for mouse ESC derivation (50, 55) and mainte- 
nance (16). Hence, the E3.5 ICM exhibits a dis- 
tinct, “prepluripotency” state, featuring the 
potential to give rise to both epiblast and PrE, 
coexpression of multilineage TFs, and a pri- 
mitive pluripotency network. 

Pioneer TFs are believed to bind and open 
inaccessible chromatin, leading to the subse- 
quent recruitment of additional TFs (77). We 
found that SOX2 manifests more diverse roles 
at enhancers beyond a simple pioneer factor, 
which include settler binding, pioneer bind- 
ing, and pilot binding. SOX2 exhibits settler 
binding in E3.5 ICM, where SOX2 binds pre- 
accessible enhancers, and its loss does not 
substantially affect chromatin opening (Fig. 
7B). We speculate that the relatively short ex- 
pression period and lack of cooperation with 
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SOX2 binding vs. enhancer opening in embryos 


E3.5 ICM 


‘pre-pluripotency” naive plur 


Pioneer 


OCT4 or other cofactors may disable its pio- 
neering binding function. Notably, such 
settler binding can still exert impacts on gene 
expression, especially at sites with SOX2 mo- 
tifs (Fig. 3B). It is possible that the SOX2 motif 
may increase the residence time of SOX2, which 
in turn promotes gene expression, for exam- 
ple by increasing promoter-enhancer interac- 
tions (8, 56). It also remains to be investigated 
whether some settler binding may help se- 
quester excess SOX2 from other binding sites 
to prevent premature activation of later-stage 
genes. Widespread pioneer binding is then 
observed in E4.5 epiblast and 2i ESCs, where 
SOX2 is required for naive enhancers opening 
(Fig. 3D and Fig. 5C). Finally, the pilot binding 
of SOX2 at many formative enhancers in 2i ESCs 
is insufficient for enhancer opening but likely 
helps enhancers with weak formative TF motifs 
achieve faster opening upon differentiation (Fig. 
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6E). We propose that such multifaceted—rather 
than a universal pioneering—chromatin inter- 
acting modes may also hold true for other 
pioneer TFs to allow precise yet adaptable re- 
sponses to developmental cues beyond pluri- 
potency regulation. 


Materials and methods summary 


A detailed materials and methods section is 
provided in the supplementary materials. 
All animals were cared for according to the 
guidelines of the Institutional Animal Care 
and Use Committee of Tsinghua University. 
Embryos were collected from superovulated 
females crossed with males. To generate Sox2 
mzKO embryos, Sox28°"°*, Zp3-Cre females 
and Sox2"°*/"°x. Strag-Cre males were used for 
breeding. Immunosurgery was performed as 
reported previously (57) to remove TE and iso- 
late ICM. ICMs were then incubated in TrypLE 
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and dissociated by repetitive pipetting using 
a Pasteur pipette. For scRNA-seq, individual 
E3.5 ICM cells were transferred into single-cell 
lysis buffer following the Smart-seq2 protocol, 
as described previously (58). E4.5 blastocysts 
were flushed from the uterus after human 
chorionic gonadotropin (hCG) injection at 114 
to 116 hours. Given that SOX2 was present 
only in epiblast but not in PrE at E4.5 (10), we 
profiled SOX2 binding using the entire ICM 
because the signals were expected to arise ex- 
clusively from epiblast cells. E5.5 to E7.5 embryo 
tissues were collected as previously described 
(23, 59, 60). 

CUT&RUN was conducted following the 
published protocol (67) with some modifica- 
tions. The fresh samples were resuspended and 
bound with concanavalin-coated magnetic 
beads. After incubation with SOX2 antibody 
for 2 to 3 hours at 4°C, the samples were in- 
cubated with protein A-micrococcal nuclease 
(pA-MNase) for 1 hour. The STAR ChIP-seq for 
H3K27ac and miniATAC-seq were performed 
as previously described (62, 63). 

To construct SOX2-dTAG ESCs, the sequence 
encoding FKBP**°Y-GFP was fused to the C 
terminus of the endogenous Sox2 locus. SOX2- 
FKBP proteins were depleted by adding dTAG’-1 
into the medium. Time-course experiments 
were performed by inducing protein degrada- 
tion and collecting the samples at different 
time points. Naive mESCs (2i mESCs) were cul- 
tured in the N2B27 medium supplemented with 
PD0325901, Chir99021, and LIF. To induce EpiLC 
differentiation, 2i ESC cells were plated on tis- 
sue culture dishes pretreated with matrigel in 
N2B27-based medium supplemented with 1% 
knockout serum replacement (KSR), basic fibro- 
blast growth factor (bFGF), and activin A. 
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INTRODUCTION: The diverse bacterial species 
that colonize the human gut, which are collec- 
tively known as the gut microbiota, provide 
important health benefits. One of the key 
benefits is colonization resistance—the ability 
to restrict colonization of the gut by pathogens 
that can trigger disease. Multiple mechanisms 
have been found to influence the ability of the 
microbiota to provide colonization resistance, 
but these mechanisms are often context-specific 
and dependent on particular strains or species 
of bacteria. As a result, we lack general prin- 
ciples to predict which microbiota communi- 
ties will be protective versus those that will 
allow pathogens to colonize. 


RATIONALE: We used an ecological approach to 


study the colonization resistance provided by 
human gut symbionts against two important 


A Ne Low colonization resistance 


Insufficient nutrient blocking 


bacterial pathogens, Klebsiella pneumoniae 
and Salmonella enterica serovar Typhimurium. 
We studied colonization resistance provided 
by symbionts both alone and in combinations 
of increasing diversity to identify general pat- 
terns underlying colonization resistance, using 
both in vitro assays and in vivo work with 
gnotobiotic mice. 


RESULTS: We cultured 100 human gut sym- 
bionts individually with K. pnewmoniae and 
then S. Typhimurium and ranked the sym- 
bionts on the basis of their ability to provide 
colonization resistance. However, even the best- 
performing species provided limited protection 
against the pathogens in our assays. By con- 
trast, when we combined species into diverse 
communities of up to 50 species, we found 
cases in which pathogen growth was greatly 


Ex High colonization resistance 


=o, 


Microbiome 
diversity 


Pathogen nutrient profile 


Nutrient blocking by community 


Microbiome diversity protects against pathogens by nutrient blocking. Pathogens (red) fail to colonize 
when they overlap with the community (yellow and green bacteria) in nutrient-utilization profiles (nutrient niches 
are indicated by colored circles). As microbiome diversity increases, the probability that different nutrients are 
consumed increases, which helps to block pathogen growth and improve colonization resistance. 
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limited. The same patterns were observed w oct 
germ-free mice were colonized by a subse-—- 
these communities and challenged with a 
pathogen. Ecological diversity, therefore, was 
important for colonization resistance, but we 
also found that community composition was 
important. Both in vitro and in vivo, we found 
that colonization resistance rested upon cer- 
tain species being present, even though these 
species offer little protection on their own. We 
were able to explain these patterns from the 
ability of some communities to block patho- 
gen growth by consuming the nutrients that 
the pathogen needs. Nutrient blocking is thus 
promoted both by diversity and by the pres- 
ence of certain key species that increase the 
overlap between the nutrient use of a commu- 
nity and a pathogen. As a result, the inclusion 
of a key species closely related to a pathogen 
can be central to making a community pro- 
tective because it provides a higher degree of ° 
metabolic overlap. However, this alone is typ- 
ically not sufficient. We found that the pres- 
ence of additional, often distantly related 
species is also needed to ensure that nutrient 
blocking—and consequently, colonization 
resistance—occurs. Lastly, we used the nutrient- ‘ 
blocking principle to predict in silico more- 
protective and less-protective communities for 

a new target strain, an antimicrobial resistant 
Escherichia coli clinical isolate. We then tested - 
the colonization resistance of these commun- 
ities experimentally. This work revealed that 
we can successfully identify protective com- 
munities from a large number of possible 
combinations, using both phenotypic mea- 
sures of metabolic overlap but also a more 
general measure of genomic overlap. 


CONCLUSION: Our results support the idea that 
more-diverse microbiomes can provide health 
benefits, specifically that they can improve 
protection against pathogen colonization. We 
also find that colonization resistance is a col- 
lective property of microbiome communities; 
in other words, a single strain is protective 
only when in combination with others. Cru- 
cially, although increased microbiome diver- 
sity increases the probability of protection 
against pathogens, the overlap in nutrient- 
utilization profiles between the community 
and the pathogen is key. Our work suggests a 
route to optimize the composition of micro- 
biomes for protection against pathogens. 
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The human gut microbiome plays an important role in resisting colonization of the host by pathogens, but we 
lack the ability to predict which communities will be protective. We studied how human gut bacteria influence 
colonization of two major bacterial pathogens, both in vitro and in gnotobiotic mice. Whereas single species 
alone had negligible effects, colonization resistance greatly increased with community diversity. Moreover, 
this community-level resistance rested critically upon certain species being present. We explained these 
ecological patterns through the collective ability of resistant communities to consume nutrients that 
overlap with those used by the pathogen. Furthermore, we applied our findings to successfully predict 
communities that resist a novel target strain. Our work provides a reason why microbiome diversity 

is beneficial and suggests a route for the rational design of pathogen-resistant communities. 


he human gut is home to diverse bac- 

terial species collectively known as the 

gut microbiota. A major health benefit 

provided by the gut microbiota is protec- 

tion against pathogen colonization and 
subsequent infection; a phenomenon known 
as colonization resistance (1). The ability of the 
microbiota to protect against numerous enteric 
pathogens is well documented, with evidence 
that particular species within the microbiota 
play a more important role than others (2-9). 
The ways that colonization resistance can arise 
include competition for nutrients and space, 
direct antagonism by toxins and other harm- 
ful compounds, and promoting host immunity 
against pathogens (J, 10, 11). 

However, although the importance of the 
microbiota for colonization resistance is clear, 
we currently lack the principles needed to pre- 
dict, a priori, which microbiota species will be 
effective against a given pathogen. A key chal- 
lenge is the ecological complexity of the gut. 
The gut microbiome is a diverse ecological sys- 
tem with many individual species that all have 
the potential to play a role in colonization re- 
sistance. Moreover, these constituent species 
can also affect each other and interact ecolog- 
ically in ways that are critical for colonization 
resistance (12-16). This combination of species 
diversity and the potential for ecological inter- 
actions makes colonization resistance a chal- 
lenging phenotype to understand (17). 

We approached the question of mechanisms 
of colonization resistance from the perspective 
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of the underlying ecological principles. To do 
this, we studied colonization resistance pro- 
vided by a range of human gut bacteria, both 
alone and in combinations. We performed 
all experiments in parallel using two species 
of pathogen, which are both on the World 
Health Organization priority list: Klebsiella 
pneumoniae and Salmonella enterica serovar 
Typhimurium (78). Both are members of the 
Enterobacteriaceae found in the human gut 
microbiome, but they have very different life- 
styles. S. Typhimurium causes acute infec- 
tion and gastroenteritis (19, 20). By contrast, 
K. pneumoniae is a nosocomial, opportunistic 
pathogen that rarely causes disease in the gut 
itself, but gut colonization with K. pnewmoniae 
is a major risk factor for antimicrobial resistance- 
associated infections elsewhere in the body (27). 

Despite these differences, we have identified 
common principles that underlie colonization 
resistance to both species. Ecological diversity 
is important for colonization resistance in vitro 
and in gnotobiotic mice. Moreover, we found 
that colonization resistance is an ecologically 
complex trait, whereby the protection against 
pathogens provided by one species can increase 
greatly in the presence of other species (22). 
Despite this complexity, we find that these eco- 
logical patterns are explained by a simple under- 
lying principle: the collective ability of certain 
communities to consume nutrients and block 
pathogen growth. Furthermore, we have shown 
that this principle offers a way to identify sets 
of bacterial species that will collectively limit 
the growth of a particular pathogen. 


Results 
Single species offer little protection 
in competition with pathogens 


Individual members of the microbiota can pro- 
mote colonization resistance in various con- 
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texts (2-8), which suggests that some species 
are more important for colonization resistance 
than others. To systematically assess this var- 
iability, we screened a diverse set of 100 human 
gut symbionts (table S1 and Materials and 
methods) for their ability to limit pathogen 
growth. Competition in the gut occurs both at 
the point when a pathogen enters the gut and 
when a pathogen becomes established (23, 24). 
We designed two coculture assays to reflect these 
two aspects of competition in the mammalian 
gut (Fig. 1A). In the first assay (ecological inva- 
sion assay), we pre-grew the symbiont alone 
in standard anaerobic media [modified Gifu 
anaerobic media (mGAM)] buffered to human 
colonic pH before adding the pathogen. In the 
second assay (competition assay), we inoculated 
this media with an equal ratio of symbiont to 
pathogen, which is an approach designed to 
capture competition once a pathogen has es- 
tablished itself in the gut. 

To assess pathogen growth, we built lumines- 
cent strains of K. pneumoniae and S. Typhimurium 
and compared luminescence when grown in 
monoculture and when grown in coculture with 
each symbiont. With this assay system, we could 
rank the strains based on their abilities to 
limit pathogen growth in both the ecological 
invasion and competition assays (Fig. 1, B and 
C, and fig. S1). From this ranking, we took the 
top 10 best-performing nonpathogenic symbi- 
ont species in the screen [Materials and meth- 
ods; fig. S1, E and F (orange circles); and table 
S1] and subjected them to a more stringent 
test of colonization resistance designed to cap- 
ture both phases of competition in the gut in 
one assay (extended competition assay) (Fig. 1D). 
In this assay, the pathogen is first introduced 
into a pre-grown culture of a given symbiont 
strain, and after 24 hours, the mixture is pas- 
saged into fresh media and allowed to grow 
for 24 hours, at which time pathogen abun- 
dance is assessed with flow cytometry (Fig. 1D). 
Despite choosing the best-ranked species from 
the luminescence screen, all symbionts per- 
formed poorly under extended competition, 
with the majority offering no discernible col- 
onization resistance (Fig. 1, E and F). The best 
performer was Escherichia coli, a known com- 
petitor of S. Typhimurium and also a member of 
the Enterobacteriaceae, but even here the pro- 
tection offered was very limited, with the path- 
ogens still able to reach 10° to 10° cells/ml. 

The outcome of the assay differed greatly 
when we pooled all 10 species together (Fig. 1, 
E and F). Now, the final abundance of both path- 
ogens was strongly suppressed by more than 
three orders of magnitude for K. pnewmoniae 
and about two orders of magnitude for S. 
Typhimurium. By contrast, a community made 
up of the 10 worst-performing species from 
the luminescence screen (fig. S1, E and F, blue 
circles) provided little or no colonization re- 
sistance (Fig. 1, E and F). These results, therefore, 
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Fig. 1. Single species do not provide robust colonization resistance, but a diverse community can, 


depending on its composition. (A) Overview of the luminescence coculture assays. In the ecological invasion 
ated in coculture with individual symbionts (the two different 


assay, K. pneumoniae or S. Typhimurium (red) was inocul 


green symbols in the key are used to represent the diversity of symbiont strains screened; 19:1 ratio of symbiont to 


pathogen). In the competition assay, the symbionts were 


gray. Luminescence fold-change values are presented in fi 


inoculated at an equal ratio to the pathogen to recapitulate 
competition between strains once a pathogen is established in the microbiome. In both assays, luminescence produced 
by the pathogen was used as a proxy for pathogen growth. Created with BioRender.com. (B and C) Comparison of 
phylogenetic relatedness between symbionts and the abi 
ecological invasion assay; Comp., competition assay). Data for K. pneumoniae are shown in (B); data for S. Typhimurium 
are shown in (C). The family Enterobacteriaceae, which includes both K. pneumoniae and S. Typhimurium, is shaded in 


lity of each symbiont to compete with the pathogen (Inv., 


ig. Sl. Data are presented as the median luminescence log 
fold change of n = 3 to 10 independent experiments (biological replicates). Strains with the most negative (most red) 
values inhibited growth of the pathogen most strongly. (D) Overview of the extended competition assay. Communities 
(or individual strains; green) of symbionts were pre-grown in anaerobic-rich media before addition of the pathogen (red). 
The community was passaged after 24 hours of growth, followed by another 24 hours of growth before quantification 
with flow cytometry. Created with BioRender.com. (E and F) The extended competition assay was performed for 
each individual species identified in the 10 best-ranked species, as well as for combinations of 10 species (of both the 
10 best- and worst-ranked species; fig. S1). Individual biological replicates from n = 3 to 15 independent experiments 
are shown. Red lines indicate the median. A Kruskal-Wallis test with Dunn's multiple test correction compares each group 
with the no-symbionts control [P > 0.05 = not significant (ns); *P < 0.05; ****P < 0.0001]. Data for K. pneumoniae 


are shown in (E); data for S. Typhimurium are shown in (F). See table SI for species-name abbreviations. 
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suggest that strain identity is important for col- 
onization resistance only in the context of a 
diverse community. 


Ecological diversity and complexity drive 
colonization resistance in vitro 


Our results indicated that microbiota diversity 
is important for colonization resistance. This 
finding fits well with the general idea that mi- 
crobial diversity is beneficial for microbiome 
functioning, whereas a loss of diversity, or dys- 
biosis, can be associated with poor health and 
disease (25-27). Although the potential bene- 
fits of diversity are clear, cause and effect can 
be confounded in observational studies (28). 
To systematically test the role of diversity in 
colonization resistance, we randomly selected 
communities of increasing diversity from the 
10 best-ranked species and competed them 
against the pathogens in the extended com- 
petition assay. To further evaluate the importance 
of diversity, we also assembled a community 
of 50 nonpathogenic symbiont species from 
the strains in our initial luminescence screen 
(Materials and methods). These data indicated 
a relationship between diversity and coloniza- 
tion resistance. However, we also saw a large 
variation in colonization resistance across the 
communities that differed in their composi- 
tion of two, three, and five species. Visual in- 
spection of the data (Fig. 2, C and D) suggested 
that a large component of this variability was 
driven by the composition of the communities. 

One species that appeared to be important 
for outcomes was E. coli. To explore this find- 
ing, we randomly selected additional E. coli- 
containing communities and again evaluated 
colonization resistance (Fig. 2, C and D). We 
also performed dropout experiments in which 
we made up the 10- and 50-species communi- 
ties without E. coli (Fig. 2, C and D). These data 
revealed a strong and clear monotonic increase 
in colonization resistance as species diversity 
increased (Fig. 2, C and D, green circles), but 
this relationship was much weaker or disap- 
peared entirely in the absence of E. coli (fig. 
$2, A and B). In ecological terms, these data 
show that colonization resistance rests upon 
a strong higher-order effect involving other 
community members and E. coli (22). By higher- 
order effects, in this study we mean cases in 
which the effect of one species on another is 
changed by the presence of a third-party spe- 
cies in a community (22). That is, whereas 
either FE. coli alone or the rest of the com- 
munity without F. coli has little impact on 
pathogen growth, together they have a strong 
effect on pathogen growth. Such higher-order 
effects are considered important in ecology be- 
cause they imply context dependence, which 
can make a system difficult to understand and 
predict (22, 29-32). Another way to illustrate 
the effect of diversity on colonization resis- 
tance is to compare our data with a simple null 
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Fig. 2. Ecological diversity and key members are needed for efficient colonization resistance in vitro. 
(A to D) Extended competition assay on communities made up of an increasing number of species. Each 
data point represents the median pathogen cells/ml value on day 2 of the extended competition for a 
community (n = 3 to 15 biological replicates from independent experiments for each community; up 

to 17 communities for each group). Communities with size <10 species were randomly selected from the 
10 best-ranked species for each pathogen. Community identities are shown in tables S4 and S5. Data 

for K. pneumoniae are shown in (A) and (C); data for S. Typhimurium are shown in (B) and (D). Red lines 
indicate the median value of communities at a given diversity level. In (C) and (D), data from (A) and (B) are 
replotted along with additional communities that always contained E. coli but were otherwise randomly 
selected. Communities without E. coli are depicted in black; communities with E. coli are depicted in green. 
Separate red median lines are shown for communities with and without E. coli. A linear regression is 
performed on log-log transformed data in fig. S2, A and B, which shows that the association between 
diversity and colonization observed is statistically significant and that this effect is greater for communities 
with E. coli than those without (F tests, P < 0.0001). (E and F) Results of extended competition assay 
testing E. coli strains substituted into the community of the 10 best-ranked species. Data for K. pneumoniae 
are shown in (E); data for S. Typhimurium are shown in (F). Red lines indicate median values. Each data 
point represents a biological replicate from independent experiments (n = 3 to 11). 
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model. Consider, for example, a model in which 
each additional species proportionally improves 
colonization resistance to the pathogen. We can 
compare our experimental data for E. coli- 
containing communities to a null model in 
which pathogen abundance scales accord- 
ing to 1/n, where n is the number of species 
present. This analysis shows that the deviation 
from such a null model increases as diversity 
increases, where colonization resistance is 
again greater than expected for diverse com- 
munities (fig. $3). 

We also asked whether the role of E. coli 
within communities was a strain-specific effect. 
We replaced E. coli strain IAI], identified in our 
screen, with each of four other E. coli strains 
historically isolated from the human gut (33-35). 
The effect of E. coli was similar when E. coli [ATL 
was substituted with most F. coli strains (Fig. 2, 
E and F), which indicates that the higher-order 
effect involving FE. coli is a general property of 
closely related strains. 

Further inspection of the data pointed to 
other species that were important for colo- 
nization resistance in diverse communities. In 
E. coli-containing communities, the presence of 
Bifidobacterium breve appeared to be important 
in excluding K. pneumoniae (fig. S4A), and 
the presence of Lacrimispora saccharolyticum 
and Phocaeicola vulgatus appeared important 
in the exclusion of S. Typhimurium (fig. S4B). 
We confirmed these patterns through a series 
of systematic dropout experiments (fig. S4, C 
and D). However, it was still possible to achieve 
equivalent colonization resistance in more di- 
verse communities that lack these species (fig. 
S4, C and D), which again points to the under- 
lying benefits of a diverse microbiota. 


Ecological diversity and complexity also drive 
colonization resistance in vivo 


To validate our in vitro methods, we tested the 
ability of symbiont communities to resist path- 
ogen colonization in gnotobiotic mice (Fig. 3A). 
Germ-free mice were colonized with symbiont 
communities differing in diversity and in the 
presence or absence of E. coli. Successful col- 
onization by S. Typhimurium causes an acute 
infection and massive gut inflammation, which 
is a major confounding effect for studying the 
effects of community composition on patho- 
gen growth. Animals with a less-protective mi- 
crobiota can rapidly succumb to the infection, 
such that one cannot follow ecological dynamics 
over time in a comparable way across treat- 
ments. We thus chose to use an avirulent var- 
iant of S. Typhimurium to eliminate the effect 
of gut inflammation on pathogen and host, 
allowing pathogen abundance to be used as a 
measure of disease risk (19, 36, 37). We in- 
troduced communities across the same range 
of diversities as before; in contrast to in vitro 
assays, however, not all symbiont species will 
reliably colonize germ-free mice (38). Therefore, 
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(A) Overview of gnotobiotic mouse experiments. Symbiont communities (or E. coli alone) were given to 


ge 


m-free mice by oral gavage twice (2 days apart). Twelve days later, the mice were challenged with 


K. pneumoniae or S. Typhimurium by oral gavage. Feces were collected from mice daily before mice were 
euthanized on day 4 postinfection (p.i.). (B and C) Alpha diversity measured with Shannon index of symbiont 
communities. Metagenomic sequencing was performed on the inoculum and fecal samples at day 0 

(when the pathogen was introduced) and used to calculate diversity. Data for K. pneumoniae are shown in 
(B); data for S. Typhimurium are shown in (C). Biological replicates from a representative mouse from 
each cage are shown (n = 2 to 4; at least two independent experiments). (D and E) Pathogen abundances in the 
feces of gnotobiotic mice colonized with communities of increasing diversity (mice containing communities 


with E. coli shown in green; mice containing communit 
replicates of mice per group in cages of two to three 


ies without E. coli shown in black; n = 7 to 8 biological 
mice; two to three independent experiments). Red 


lines indicate the medians. Two-tailed Mann-Whitney tests are used to compare the indicated groups (**P < 
0.01; *** P < 0.001). Data for K. pneumoniae are shown in (D); data for S. Typhimurium are shown in 


(E). Metagenomic analysis of species diversity and re 
abundance data from days 1 to 4 p.i. are shown in fig 


we used metagenomic sequencing to confirm 
that introducing a higher-diversity community 
to the mice did indeed result in a higher diversity 
of species colonizing the gut—as measured by 
two metrics of alpha diversity—and to identify 
the relative abundance of all members (Fig. 3, 
B and C, and fig. S5). 

These experiments revealed that, as ob- 
served in vitro, microbiome diversity is nega- 
tively correlated with pathogen abundance in 


ative abundance is shown in fig. S5. Pathogen 
. $6. Community compositions are shown in table S6. 


50-member communities) (Fig. 3, D and E, and 
fig. S6). Moreover, dropout experiments again 
revealed the importance of the combination 
of E. coli and other community members for 
colonization resistance (Fig. 3, D and E). We 
also observed that higher diversities are needed 
for efficient colonization resistance in the mam- 
malian gut than in our in vitro assays, which 
is likely to be explained by the higher degree 
of environmental and spatial heterogeneity 


feces for both pathogens (compare 10- versus 
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in the gut compared with that found in a test 
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tube. Nevertheless, the key patterns remained 
the same between the gnotobiotic mouse ex- 
periments and our in vitro assays. Both eco- 
logical diversity and higher-order interactions 
were important for colonization resistance 
to both pathogens. As before, we saw a strong 
deviation from a simple null model of ecolog- 
ical competition at high levels of diversity (fig. 
83). In addition to showing the generality of 
these patterns, this fit between the in vitro and 
in vivo methods validates our extended com- 
petition assay as an approach to interrogate 
the ecology of colonization resistance. 


A simple principle explains the roles of diversity 
and complexity in colonization resistance 


The discovery of such higher-order effects in 
colonization resistance indicates that coloni- 
zation resistance is an ecologically complex 
trait (22), one which can be challenging to 
work with owing to high levels of context de- 
pendence (17, 22, 29, 30). Nevertheless, we 
sought to understand the mechanisms under- 
pinning colonization resistance by returning 
to our in vitro data gathered from large num- 
bers of different communities. We used the 
species’ genomes to assess functional similar- 
ity between symbiont communities and patho- 
gens from overlap in protein compositions. 
Specifically, we calculated the percentage of 
all protein families carried by a pathogen that 
were also present in each community inves- 
tigated (Materials and methods). We reasoned 
that this measure of functional similarity may 
map to niche overlap and, therefore, to the 
strength of ecological competition between 
symbionts and pathogens. We first confirmed 
that the number of encoded protein families 
covered by our experimental communities in- 
creases proportionally with the number of 
added species (fig. S7). Permutation analyses 
also confirmed that the randomly selected com- 
munities we have studied experimentally are 
a good representation of all possible commu- 
nities that we could have studied (fig. $8). 
The potential importance of protein-family 
overlap was already clear from the effects of 
F. coli in our experimental data (Figs. 2 and 
3). E. coli is in the same family of bacteria as 
K. pneumoniae and S. Typhimurium and can 
be seen to contribute greatly to the protein- 
family overlap between a given community 
and either of the pathogens (fig. S9, A to D). 
However, by taking only the communities 
that contain E. coli to control for this effect, 
we also saw a strong correlation between a 
community’s protein-family overlap with the 
pathogen and its colonization resistance in 
our in vitro assays (Fig. 4, A and B, and fig. 
89). In other words, if the symbiont species 
or community encodes many of the same (or 
similar) proteins as the pathogen, it provides 
better colonization resistance. The same analy- 
sis for communities that lack E. coli is not 
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Fig. 4. Nutrient overlap can explain the role of 
ecological diversity and the effect of E. coli 

in colonization resistance. (A and B) Protein-family 
overlap is compared with the median pathogen 
abundance values for each community containing 

E. coli from Fig. 2, C and D. Diversity is visualized 
with a color gradient. Data for K. pneumoniae 

are shown in (A); data for S. Typhimurium are shown 
in (B). A line of best fit is shown from a linear 
regression on log-transformed data: R* = 0.4255 for 
K. pneumoniae; R* = 0.603 for S. Typhimurium 

(R®, coefficient of determination); both slopes are 
significantly different from O according to an F test 
(P < 0.0001). Data for communities without E. coli 
are presented in fig. S9, E and F. (C and D) Overlap 
in carbon-source utilization plotted against the 
median pathogen abundance measurements from 
experimental communities in Fig. 2, C and D. 
Community carbon-source overlap is calculated by 
using an additive approach from carbon-source 
overlap of individual strains with measurement on 
Biolog AN Microplates (fig. S10). Diversity is 
visualized with a gradient of color (for E. coli- 
containing communities) or grayscale (for communities 
without E. coli). A control with the isogenic pathogen 
itself (100% overlap) is plotted in red. Data for 

K. pneumoniae are shown in (C); data for S. Typhimurium 
are shown in (D). (E and F) A private nutrient, 
galactitol, that could only be used by the WT E. coli 
strain and the pathogens but not by the other 
symbionts nor by an E. coli AgatABC mutant, was 
supplemented to the media, and the extended 
competition assay was performed as before. In all 
treatments, pathogen abundance was measured by 
flow cytometry after 48 hours of growth postpassage 
instead of the usual 24 hours. This change did 

not influence the control experiments without 
galactitol but proved informative because we found 
that the growth impacts of galactitol were relatively 
slow. Results for K. pneumoniae are shown in (E); 
results for S. Typhimurium are shown in (F). n = 3 
to 4 biological replicates from independent experiments 
per treatment. Horizontal red lines show the 
median of the replicates. Light-blue circles show 
results with 0.1% galactitol supplementation (“+”): 
dark-blue circles show results with 1% galactitol 
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supplementation ("++"). White circles (control) show results with no nutrient supplementation (‘-"). “+9 species” indicates the 9 additional species in the 10 best- 
performing species for each respective pathogen (‘“—" indicates when E. coli is added alone). In (F), a AgatABC mutant of S. Typhimurium was used in addition to 
the WT pathogen to verify the dependency of colonization on a private nutrient. 


informative because colonization resistance 
is consistently so low across all communities 
(Fig. 2). 

Our genomic analyses suggest that commu- 
nities that overlap highly with the pathogens in 
encoded functions provide the best coloniza- 
tion resistance. These analyses support our hy- 
pothesis that niche overlap is important for 
the ecological patterns that we observed in 
colonization resistance. One of the key drivers 
of niche overlap is resource competition (39, 40), 
which is a known contributor to colonization 
resistance to K. pneumoniae and S. Typhimurium 
(12, 13). We thus explored the role of nutrient 
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competition by generating metabolic profiles for 
the two sets of 10 key symbiont species identi- 
fied in the original screen against each pathogen 
(Fig. 1); for this we used Biolog AN MicroPlates, 
which profile the metabolic activity of each 
strain on 95 carbon sources (fig. S10). To cover 
the two sets of 10 species, we actually profiled 
only 16 strains because there were some par- 
allels between the two sets of top-ranked species 
in the luminescence screen. We first established 
that there was a strong positive association be- 
tween the protein family (genomic) and meta- 
bolic (Biolog) overlap of communities with the 
pathogens (fig. S11). We then assessed the ability 
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of metabolic overlap to predict colonization 
resistance (Fig. 4, C and D). Colonization re- 
sistance was only observed once communities 
shared sufficiently high overlap in their carbon- 
source utilization profile with a pathogen. More- 
over, communities with the greatest metabolic 
overlap with a pathogen provided the greatest 
colonization resistance. An important obser- 
vation from these data is that it is not diversity 
per se that predicts colonization resistance; it 
is the overlap between the pathogen and the 
communities. This pattern is made clear by 
the observation that communities having dif- 


ferent diversities but the same overlap appear 
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proximally in the plots (Fig. 4, C and D, neigh- 
boring points of different color). 

Our data point to the importance of nu- 
trient competition, and specifically of nutrient- 
utilization overlap between a community and 
a pathogen, as an explanation for the patterns 
that we observed in colonization resistance. 
To further support this conclusion, we per- 
formed experiments in which the pathogens 
were grown in cell-free (spent) media collected 
from different communities, which excluded 
cell-cell contact mechanisms as explanations 
for colonization resistance. Growing the path- 
ogen in the spent media of E. coli and the 
10-species communities recapitulated the pat- 
terns seen in the competition experiments, 
which is consistent with the effect of nutrient 
competition (fig. S12). As a final test, we sought a 
nutrient that can be used by the pathogens only 
and used it to perform nutrient supplementa- 
tion experiments (Fig. 4, E and F). We identified 
galactitol from the Biolog plates (fig. S10). The 
pathogens can use this sugar alcohol, but it 
has the desirable property that it cannot be 
used by any of the symbionts in our focal 
10-species communities except for E. coli. We 
engineered a strain of FE. coli that lacks the 
transporter for cell import (£. coli AgatABC 
deletion mutant). By adding in galactitol to 
our standard media, we found that coloni- 
zation resistance in a diverse community is 
lost if the pathogens can use the nutrient but 
E. coli cannot (Fig. 4, E and F). However, col- 
onization resistance is restored when E. coli 
can use the nutrient. Moreover, if a pathogen 
is engineered so that it cannot use galactitol 
(S. Typhimurium AgatABC deletion mutant), 
colonization resistance is restored. These out- 
comes are exactly as expected if nutrient com- 
petition is the cause of colonization resistance. 

Our data show that the ability of a micro- 
biota community to consume nutrients re- 
quired by a pathogen for growth underlies 
the colonization resistance that we observed. 
The nutrient blocking effect is a property of 
the entire community rather than of any one 
species alone. That colonization resistance is 
a community-level trait explains the impor- 
tance of the ecological diversity and complex- 
ity (22) that we observed in our experiments. 
Despite considerable genomic and metabolic 
overlap with the pathogens, a species such as 
FE. coli does not consume enough of the dif- 
ferent nutrients available to the pathogens to 
block colonization. It is only in combination 
with other species that FE. coli becomes effective 
at limiting pathogen growth. 


Nutrient blocking can identify 
protective communities 


Our experiments indicate that colonization 
resistance is an ecologically complex trait but 
that this complexity can be understood and 
predicted through a simple underlying prin- 


Spragge et al., Science 382, eadj3502 (2023) 


ciple. As an additional test of these findings, 
we used the nutrient blocking principle to pre- 
dict community compositions that provide co- 
lonization resistance to a bacterial strain that 
was not present in our initial experiments. For 
this test, we chose an antimicrobial resistant 
(AMR) clinical £. coli strain that was isolated 
from the urine of a patient. AMR E. coli strains 
are a major current target for alternatives to 
antibiotics because members of this species 
have recently been found to be responsible for 
the most AMR-associated deaths of any bacte- 
rial species (41). 

We first analyzed the AMR E. coli isolate on 
Biolog AN MicroPlates to assess its carbon- 
source utilization and compared this with the 
top-ranked strains from our initial lumines- 
cence screen (Fig. 1). We reasoned that these 
strains were a good place to start because E. coli 
is also a member of the Enterobacteriaceae, as 
are the two pathogens that were used to select 
the top-ranked strains. As expected, the AMR 
F. coli had the greatest protein overlap with 
the symbiont F. coli in our 16 strains, but ad- 
ditional strains were predicted to be required 
to restrict nutrient availability on the basis of 
the overlap needed to suppress the two path- 
ogens (fig. S13). We next used the Biolog data to 
computationally assemble all possible commu- 
nities of one, two, three, and five species from 
the 16 strains and calculated their resource- 
utilization overlap with the AMR E. coli (Fig. 5A). 
Again, in line with our findings, diversity im- 
proved the median resource-utilization overlap, 
but this depended strongly on the presence of 
the symbiont E. coli. 

The simplest test of the importance of nu- 
trient blocking is to remove the symbiont EF. coli 
from a community and test the impact. Doing 
this for the community of all 16 strains con- 
firmed the importance of FE. coli for coloni- 
zation resistance (Fig. 5B). However, we also 
tested our ideas on communities that contain 
FE. coli. In these experiments, we identified 
communities predicted to have the highest 
and lowest overlap with the target strain at 
each diversity level. If there were ties in rank, 
communities were selected at random from 
those with the same level of overlap. We then 
used our extended competition assay (Fig. 1D) 
to test the ability of the AMR F. coli to invade 
the communities. As predicted by nutrient block- 
ing, this assay revealed that increasing diver- 
sity leads to increased colonization resistance; 
critically, for each diversity level, the commu- 
nity predicted to resist the AMR E. coli con- 
sistently performed better in colonization 
resistance than the community predicted to 
do poorly (Fig. 5B). This result was clearest for 
the two- and three-species communities. For 
the five-species community, the best-performing 
community was only marginally better than 
the worst. We reasoned that this was be- 
cause in these experiments, we were limited 
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to choosing from 16 strains that were pre- 
selected for being relatively good competitors to 
Enterobacteriaceae (Fig. 1, B and C, and fig. S1). 

To test the nutrient blocking principle more 
robustly, we selected from a wider range of pos- 
sible species, using our set of 50 that we used in 
our in vitro and in vivo experiments (Figs. 2 and 
3). Most of these species had not been char- 
acterized for their functioning in community- 
level colonization resistance other than in the 
50-species treatment. We also used this set of 
experiments to test the power of the nutrient 
blocking principle to predict colonization resis- 
tance on the basis of genomic data alone. Ra- 
ther than using the Biolog phenotypic assay, 
we thus returned to our measure of protein- 
family overlap, which calculated the overlap in 
all protein types between an invading strain 
and different communities. To do this, we only 
had to sequence the AMR E. coli clinical iso- 
late because all other strains were sequenced. 
Using the same approach as we had for the 
Biolog predictions, we then assembled commu- 
nities in silico that all contained the symbiont 
E. coli strain and in each case calculated their 
protein family overlap with the AMR F. coli (Fig. 
5, C and D). As before, we chose communities 
with the lowest and highest overlap to the AMR 
E. coli across a range of diversities (randomly 
choosing communities if there were ties in rank) 
and experimentally assessed colonization resis- 
tance using the extended competition assay. 

We again saw the importance of community 
diversity in these experiments. Moreover, de- 
spite using only genomic information and a 
much larger set of possible communities, we 
observed improvement in colonization resis- 
tance from the worst to best communities at each 
diversity level (Fig. 5E). Lastly, we evaluated 
our ability to select highly and poorly perform- 
ing communities by assessing colonization re- 
sistance in additional five-species communities. 
At the five-species level, more than 200,000 
communities with £. coli can be assembled from 
50 species. We used our algorithm to sample 
approximately 50,000, and from these we iden- 
tified four additional community compositions 
predicted to perform well and four predicted to 
perform poorly (to provide five of each class). In 
line with our predictions, the communities 
predicted to be colonization resistant showed 
a median 100-fold reduction in the abundance 
of the AMR E. coli compared with those pre- 
dicted to be permissive (Fig. 5F). 


Discussion 


A key benefit of the microbiome is its ability to 
reduce the probability of infection through 
colonization resistance (J, 2, 10, 42). In this 
study, we have used an ecological approach to 
understand the principles of colonization re- 
sistance in the gut microbiome. By screening a 
collection of human gut symbionts, we found 
that individual species were unable to provide 
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Fig. 5. Nutrient blocking predicts community 
colonization resistance. (A) In silico prediction 
of carbon-source overlap with the AMR E. coli 
strain for all possible combinations of symbiont 
communities at the indicated diversity levels. Each 
circle represents a different community. Com- 
munities containing the symbiont E. coli |All are 
shown in green; communities without E. coli IAIL 
are shown in black (predictions are shown as 
hollow circles; experimental data are shown as 
solid circles). Predicted carbon-source overlap is 
calculated by using an additive approach from 
carbon-source use of individual strains measured 
with Biolog AN MicroPlates (figs. S10 and S13). 
(B) Experimental test of in silico predictions in (A). 
The two E. coli |All-containing communities 
predicted to have the best (B) and worst (W) 
carbon-source overlap were picked at each 
diversity level and competed against AMR E. coli in 
the extended competition assay. A two-tailed 
Mann-Whitney U test was performed on commu- 
nity pairs (P > 0.05 = ns; *P < 0.05; P < **0.01) at 
the two-, three-, and five-species diversity levels. 
Red horizontal bars depict the median of each 
community tested. n = 4 to 5 biological replicates 
from independent experiments for each commu- 
nity. (C and D) In silico prediction of protein-family 
overlap with the AMR E. coli strain for a random 
subset (n = 59,043) of all possible symbiont 
communities at the two-, three-, and five-species 
diversity levels, as well as all individual species and 
the 49- and 50-species communities. Each circle 
represents a different community. Communities 
are selected from the species comprising the 
50-member community. Communities containing 
E. coli |All are shown in green; communities 
without E. coli |All are shown in black. In (D), only 
the E. coli-containing communities are plotted 

to better visualize variation in protein-family overlap. 
(E) Experimental test of in silico predictions based 
on protein-cluster overlap in (C) and (D). The 
two E. coli |All-containing communities predicted 
to have the best (B) and worst (W) protein family 
overlap were picked at each diversity level 
(randomly selected for cases where there were 
multiple communities with the same overlap) and 
competed against AMR E. coli in the extended 
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competition assay. Red horizontal bars depict the median of each community tested. n = 5 biological replicates from independent experiments for each community. 
A two-tailed Mann-Whitney U test was performed on community pairs (P > 0.05 = ns; *P < 0.05; **P < 0.01) at the two-, three-, and five-species diversity levels. 
(F) Experimental test of the predicted five-best and five-worst communities at the five-species diversity level, based on protein-family overlap with AMR E. coli. Each 


symbol represents the median of n = 5 biological rep 
best and worst communities. A two-tailed Mann-Whitn 


effective resistance to pathogens (Fig. 1) but 
that colonization resistance increased mono- 
tonically with ecological diversity (Figs. 2 and 
3). Therefore, our work supports the general 
hypothesis that a more diverse microbiome 
can carry health benefits (28, 43-45). Although 
much discussed, evidence for this hypothe- 
sis is typically based on correlations between 
microbiome diversity and health outcomes 
(28, 45, 46). Here, we provide experimental 


vide health benefits through an increased abil- 
ity to protect against pathogens. Moreover, we 
have explained this pattern in terms of the 
importance of the overlap between the nutri- 
ent requirements of an invading pathogen and 
the resident community (Fig. 4). 

We found that certain combinations of spe- 
cies display much greater colonization resistance 
together than when alone. These nonadditive 
effects mean that colonization resistance is 


evidence that microbiome diversity can pro- 
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formally a complex ecological trait in the canon 
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icates from independent experiments per community. Red horizontal bars depict the median of the predicted 
ey U test was performed (**P < 0.01). Community identities for (B), (E), and (F) are shown in table S7. 


of ecology (22). Such effects are often assumed 
to imply a complex network of interactions be- 
tween species in which, for example, one sym- 
biont species affects a second symbiont species 
and changes the way this second species inter- 
acts with a pathogen. However, consideration 
of nutrient competition, and particularly of 
the level of overlap between a pathogen and 
community, suggested that much simpler pro- 
cesses explain the complexity that we see. One 
species alone is not sufficient to strongly impact 
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pathogen growth, but rather a combination of 
species is required to limit nutrient access. We 
found that the combinations of species that 
make colonization-resistant communities can 
be very phylogenetically diverse. Generating 
resistant communities does not rest upon 
simply finding species closely related to a given 
pathogen—in our case, against Enterobacteriaceae 
members. Instead, a mixture of gram-positive and 
gram-negative species is often what performs 
best (Fig. 5F and table S7). Although both of 
our pathogens are members of the same fam- 
ily, they have different life histories (19-21). 
S. Typhimurium is a specialist gut pathogen, 
whereas K. pneumoniae is an opportunistic 
pathogen that typically causes no pathology in 
the gut itself, instead causing infections in other 
parts of the body. Consistent with this difference, 
we find that it is consistently easier to generate 
colonization resistance to K. pneumoniae than to 
S. Typhimurium. Nevertheless, the importance 
of ecological diversity and complexity is ob- 
served for both pathogens. We anticipate that 
the importance of ecological diversity and the 
principle of nutrient blocking will apply gen- 
erally, given the widespread evidence that 
nutrient competition is important for diverse 
species in the microbiome, including many 
other pathogens (9, 47-55). 

By assembling a wide range of communities 
of defined compositions, we have been able to 
establish links between ecological diversity, com- 
plexity, and nutrient competition in coloniza- 
tion resistance. However, a limitation of this 
approach is that we have focused on commu- 
nities of relatively low diversity. A question 
for the future is whether our findings will hold 
for the higher levels of diversity that can nat- 
urally occur in the human microbiome. Con- 
sistent with our findings, colonization risk with 
species such as K. pnewmoniae is increased 
after antibiotic treatment that can lower spe- 
cies diversity in the microbiome (56). Moreover, 
K. pneumoniae carriage has been found to 
correlate negatively with the presence of E. coli 
in observational data from a neonate cohort, 
which may indicate competition between the 
two species (57). Nutrient competition is cen- 
tral to the patterns that we have described here. 
Colonization resistance can develop through 
additional mechanisms, which include toxin- 
mediated bacterial competition and effects via 
the host immune system (/, 10). Our work does 
not exclude the potential importance of these 
additional mechanisms, such as direct killing of 
invading strains by members of the community, 
which can act in parallel to nutrient competi- 
tion (12, 13, 15, 39). Moreover, our predictions 
of resistant and permissive communities are 
not perfect (e.g., high-overlap communities 
in Fig. 4C and the outlier in Fig. 5F). However, it 
is notable that these deviations are in the di- 
rection of a community being more resistant 
than expected. This finding suggests that pre- 
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dictions based on nutrient blocking may often 
be conservative, with errors resulting in com- 
munities performing better than expected 
whenever other mechanisms of colonization 
resistance are at play. 

In our experiments, colonization resistance is 
not the property of single microbiome species 
but instead the collective property of multiple 
species. Specifically, we found that the effect of a 
given symbiont species on a pathogen can be 
strongly dependent on whether other sym- 
biont species are also present to consume nu- 
trients that the pathogen needs. This finding 
suggests that one can use the idea of nutrient 
blocking to identify sets of microbiome species 
that will limit the growth of a target strain. As 
a proof of principle, we tested this idea for an 
AMR E. coli strain, which revealed that species 
sets can be successfully identified that collec- 
tively suppress an incoming strain (Fig. 5). We 
found that this can be done without specific 
information on available nutrients or the me- 
tabolism of the species under study. Instead, a 
measure of genomic overlap can be used as a 
proxy for niche overlap to assemble commun- 
ities that perform nutrient blocking (Fig. 5, C 
to F). The human microbiome is dauntingly 
complex and has great potential for context- 
dependent effects. However, we found that 
microbiome complexity can arise through sim- 
ple underlying principles, which gives promise 
to the goal of rationally designing microbiomes 
for better health. 


Materials and methods 
Bacterial strains and plasmids 


A full list of bacterial strains used in this study 
is provided in table S1. The plasmids used in 
this study are listed in table S2. Klebsiella 
pneumoniae subsp. pneumoniae purchased 
from DSMZ (stock number 30104) was used in 
all experiments containing K. pneumoniae. 
Salmonella enterica serovar Typhimurium 
[strain SL1344 (58)] was used in all experiments 
containing S. Typhimurium. The 100 strains 
were chosen for being abundant and/or im- 
portant members of the human gut microbiota 
that cover the key phylogenetic groups found 
in the human gut microbiota. In addition, all 
are type strains, have had their genome se- 
quenced (which we rely on for the protein 
family analysis), and are known to be cul- 
turable in nutrient-rich, anaerobic medium 
(mGAM) (59, 60), so were conducive to exper- 
imental work. Strains were kindly provided by 
Nassos Typas (EMBL Heidelberg, Germany), 
or were ordered from the German Collection 
of Microorganisms (DSMZ) or the American 
Type Culture Collection (ATCC; Staphylococcus 
epidermidis). The Lactobacillus plantarum 
strain was provided by the Department of 
Food and Nutritional Sciences, University of 
Reading. K. pnewmoniae ATCC 700721 was 
provided by the Modernising Medical Micro- 
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biology research group, Nuffield Department 
of Medicine, University of Oxford. EF. coli strains 
Z1331 and Z1269 were isolated from the feces 
of two healthy human donors in Switzerland 
(33). The ampicillin-resistant AMR EF. coli strain 
is a urine clinical isolate provided by the Path- 
ogen Bank at Nottingham University Hospitals 
NHS Trust. 


Bacterial growth conditions 


For engineering of FE. coli, K. pneumoniae, or 
S. Typhimurium, strains were grown aerobically 
in Lysogeny broth (LB; Fisher Scientific) with 
the appropriate antibiotics (table S1) at 37°C, 
shaking at 220 rpm. All symbionts were cultured 
under anaerobic conditions (5% Hy, 5% COs, 
90% No, <20 ppm O,) in modified Gifu Anae- 
robic Medium (mGAM; Nissui Pharmaceuticals) 
broth buffered to pH 6.2 with 100-mM 2-(N- 
morpholino)ethanesulfonic acid (MES; Sigma- 
Aldrich). The redox indicator dye Resazurin ° 
(100 g/liter media; Sigma-Aldrich) was added 
as a quality control check for the presence of 
oxygen (turns red when conditions are not suf- 
ficiently anaerobic). To prepare glycerol stocks, 
individual strains were first streaked onto mGAM 
agar (Nissui Pharmaceuticals) and grown un- 
der anaerobic conditions (if possible, as not all 
strains can grow as single colonies on agar- 
based media). The identity of each strain was 
confirmed using 16S rRNA sequencing (Sanger 
sequencing; Source Biosciences) using the pri- 
mers OOPC-953 and oOPC-954 for most species, 
or g-Bifid-F and g-Bifid-R for Bifidobacteria 
(table S3). Single colonies were then inoculated 
in mGAM broth and stored at —70°C in mGAM 
with a final concentration of 25% glycerol. 


Genetic engineering of bacterial strains 


Luminescence and fluorescence plasmids 
were transformed into K. pneumoniae and 
S. Typhimurium using electroporation. Briefly, 
5 ml overnight culture was washed three times 
with cold Milli-Q water before being concen- 
trated in 500 ul cold Milli-Q water. 2 ul of plas- 
mid was mixed with 100 ul of concentrated 
cells and electroporated (1.8 kV; 0.1-cm-gap 
cuvettes) before recovery in 1 ml prewarmed 
LB (1 hour at 37°C, shaking at 220 rpm) and 
plating on LB with the appropriate antibiotics. 

Gene deletions were generated as described 
in (67). Briefly, 700 base pairs upstream and 
downstream of the region to be deleted were 
polymerase chain reaction (PCR) amplified 
(Phusion”, NEB) and inserted into the suicide 
vector pFOK, which was linearized using the 
restriction enzymes BamHI and EcoRI, using 
the NEBuilder” HiFi DNA Assembly (NEB). The 
plasmid was introduced into a diaminopi- 
melic acid auxotroph E£. coli strain (JKe201). 
After 6 hours of mating between the plas- 
mid-containing donor FE. coli strain and the re- 
cipient E. coli, S. Typhimurium, or K. pneumoniae 
strain, transconjugants were selected on LB 
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plates containing 50 ug/ml kanamycin. Counter- 
selection was performed on no-salt LB plates 
supplemented with 0.5 ug/ml of anhydrous 
tetracycline and 20% of sucrose at 30°C. Mu- 
tants were screened by colony PCR and the 
sequence was verified using Sanger sequenc- 
ing (Eurofins). Primers used for genetic engi- 
neering in this study are listed in table S3. 


Luminescence screen 


K. pneumoniae (DSM 30104) and S. Typhimurium 
(SL1344) carrying a low-copy number plas- 
mid with P,pt1 promoter-driven expression of 
luxCDBAE-frp [PRSJ-Pnpi::ilux; also known 
as the improved lux operon plasmid (62)] were 
used for the luminescence screen. Symbiont 
strains were tested in pairwise coculture with 
the pathogens. All strains tested were first 
grown in monoculture anaerobically in static 
mGAM broth buffered to pH 6.2 with 100 mM 
MES at 37°C. K. pneumoniae wild type (WT) 
and S. Typhimurium WT carrying the lumines- 
cence plasmid pRSJ-pyper::ilux were separately 
incubated in the same media overnight. 


Competition assay 


Once all strains had reached stationary phase 
(12 to 72 hours of growth depending on the 
species), 20 p11 of each symbiont strain was dis- 
pensed in technical triplicates in a 96-well plate 
containing 160 ul of mGAM broth. 20 uL of 
K. pneumoniae pRSJ-Ppper:ilux overnight culture 
or S. Typhimurium pRSJ-ppper:silux overnight 
culture was then added to each well. 


Ecological invasion assay 


180 ul of each symbiont strain was dispensed 
in technical triplicates in a 96-well plate, and 
20 ul K. pneumoniae pRSJ-Pppe::ilux overnight 
culture or S. Typhimurium pRSJ-pyper::ilux 
overnight culture was added to each well. 

96-well plates from both assays were incu- 
bated anaerobically for 6 hours at 37°C. Before 
luminescence measurement, 96-well plates 
were brought out of the anaerobic chamber 
and exposed to O, for 10 min because, critically, 
O, is needed for light production catalyzed 
by the enzyme luciferase. Luminescence at 515 
to 575 nm and optical density at 600 nm (OD¢o9) 
were measured using a CLARIOstar Plus spec- 
trometer (BMG Labtech). Each data point (fig. 
Sl) represents the median of at least three in- 
dependent biological replicates (that is, using 
different overnight cultures of the same strain 
in different 96-well plates). 


Selection of the 10 best- and worst-ranked 
symbiont species from the screen 


For each of the ecological invasion and com- 
petition assays, symbiont strains were ordered 
from best- to worst-performing. Symbiont strains 
were given two rankings: one from the com- 
petition assay and one from the invasion assay. 
The two rankings were summed and ordered 
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from lowest sum (best overall performing) to 
highest sum (worst overall performing). From 
these ranks, the 10 best- and worst-ranked species 
were chosen. In order to focus on the ability of 
nonpathogenic strains to limit colonization by 
pathogens, we decided to focus for the com- 
munity experiments on strains that have a cat- 
egory 1 safety level. Many common gut bacteria 
cause occasional infections and are therefore 
categorized as opportunistic pathogens with a 
category 2 safety level, which can blur the line 
between being protective and causing disease. 
Removing these strains took us from 100 to 
54 strains. From these, we selected 50 species 
as our core set, removing some strains that were 
duplicates of the same species (two of the 50 dif- 
fer at the subspecies level rather than the spe- 
cies level, but we use “species” for simplicity in 
the main text). 


Construction of phylogenomic tree 


The phylogenomic tree of strains in the lumi- 
nescence screen (7 = 100; Fig. 1, B and C, and 
table S1) was inferred using default settings 
based on 67 single-copy core genes using anvio 
v7.1 (63) and plotted using iTOL v6.7.5 (64). 


Extended competition assay 


All culturing was performed in a shaking in- 
cubator at 225 rpm and 37°C, and under an- 
aerobic conditions. Symbiont strains were 
grown to stationary phase (12 to 72 hours, de- 
pending on the species), in Hungate tubes con- 
taining 5 ml mGAM broth and 100 mM MES 
and buffered to pH 6.2. K. pnewmoniae and 
S. Typhimurium carrying the fluorescence plas- 
mid pBC11 (YPet) (65) were incubated overnight 
with the appropriate antibiotics (table S1). 

Once in stationary phase, monocultures of 
symbionts were passaged (100 ul culture into a 
new 5-ml tube of media) and grown for ~17 hours. 
Communities were assembled under anaer- 
obic conditions into new 5-ml Hungate tubes 
(see “community preparation” section) and 
grown for 24 hours. Once grown, communi- 
ties were invaded with 100 ul of the patho- 
gen (10° cells/ml final concentration) in each 
Hungate tube containing 5 ml culture. Sam- 
ples were taken immediately after addition of 
the pathogen and prepared for measurement 
using flow cytometry (day 0). After 24 hours 
growth, the invaded communities were sam- 
pled for flow cytometry (day 1) and 100 ul was 
passaged into new tubes of 5 ml mGAM broth. 
After a further 24 hours, the end-point com- 
munities were sampled and measured a final 
time (day 2). 

For nutrient supplementation experiments 
(galactitol), 2.5 ml mGAM buffered with 100 mM 
MES to pH 6.2 was prepared and autoclaved 
in Hungate tubes. A 2x stock solution of filter- 
sterilized sugar in Milli-Q water (e.g., 0.2% or 
2% galactitol) was prepared and deoxygenated 
in the anaerobic chamber. 2.5 ml of the stock 
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solution was added into the Hungate tube to 
generate a 5-ml total volume with the appro- 
priate concentration of the sugar. The extended 
competition experiment was performed as de- 
scribed above, except samples were passaged 
again into tubes with the appropriate concen- 
tration of the sugar. Samples were left to grow 
for 48 hours instead of the standard 24 hours 
to allow utilization of low-priority sugars, such 
as galactitol. 

For experiments with the AMR E. coli clin- 
ical isolate, the experiment was performed as 
described above, except samples were ana- 
lyzed using selective plating instead of flow 
cytometry (LB + 100 g/ml ampicillin to select 
for the AMR E. coli strain; MacConkey agar to 
enumerate total E. coli densities). 


Community preparation 


All culturing was performed in a shaking incu- 
bator at 225 rpm and 37°C and under anaer- : 
obic conditions. Constituent monocultures 
were grown to stationary phase, passaged into 
new media, and grown overnight for approx- 
imately ~17 hours, and then combined into com- 
munities. The ODgoo of the single species was 
measured, and the cultures were streaked an- 
aerobically on mGAM agar to check for con- 
tamination. Communities ranged from 2 to 
50 species in size and were assembled under 
anaerobic conditions. 


In vitro 


For the communities containing 2 to 10 species, 
equal volumes (100 ul) of each overnight cul- 
ture were combined in a Hungate tube con- 
taining 5 ml mGAM to form a community. For 
the 49- and 50-strain communities, 20 11 of each 
single species was added, equating to a total 
volume of 1 ml. The communities were made 
by adding 1 ml of each strain anaerobically to a 
50-ml falcon tube, mixing, and removing 1 ml 
to add to a fresh Hungate tube of 5 ml mGAM 
broth. Communities were grown in the shaking 
incubator (37°C, 225 rpm) for 24 hours before 
being invaded with 10° cells/ml of the pathogen. 


In vivo 


Species were grown separately, then ODgo9 of , 
each culture was measured. For communities 
containing 2 to 10 species, the volume of cul- 
ture containing 10° cells was calculated for 
each individual species, based on a standard 
curve of ODgoo and flow cytometry quantifi- 
cation. This was added to a large falcon tube. 
The community mix was centrifuged (10 min, 
room temperature, 14,000 rpm), and the re- 
sulting pellet resuspended in 2 ml anaerobic 
phosphate-buffered saline (PBS) and kept on ice. 
200 ul were gavaged into each mouse, corre- 
sponding to 10° cells of each species. For the 49- 
or 50-species communities, we used fewer cells 
of each species to avoid gavaging a large total 
cell density into mice (as done for the in vitro 
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experiments). The volume of culture contain- 
ing 2 x 10° cells was calculated for each con- 
stituent species, and they were combined. The 
mixture was centrifuged and the pellet resus- 
pended in 2 ml PBS. Mice were gavaged with 
200 ul of the inoculum. Therefore, the density of 
bacteria in the 200-ul gavage was equivalent for 
the 50-species community as for the 10-species 
community (10° total cells). For all inoculums, 
samples were taken for plating anaerobically 
on mGAM agar to confirm the cell density. 


Flow cytometry 


Hungate tubes containing culture to be sam- 
pled were depressurized under anaerobic con- 
ditions using needles. Samples were removed 
using needles and syringes. 10 ul of each sam- 
ple was diluted in 90 ul PBS + chloramphenicol 
200 pg/ml, then 10 ul was added to a 96-well 
flat-bottomed plate already containing 80 pl 
PBS + chloramphenicol 200 ug/ml. The 96-well 
plate was left to shake at room temperature on 
the bench for 15 min to allow oxygen-dependent 
folding of YPet, while preventing further growth 
of the sample with the bacteriostatic antibiotic 
chloramphenicol. Next, all bacterial cells were 
fixed, permeabilized, and fluorescently stained 
by adding 90 ul PBS containing 4% parafor- 
maldehyde, 0.4% Triton X-100, and 1 ug/ml 4',6- 
diamidino-2-phenylindole (DAPI) to each sample 
well and incubating the plate in the dark for 
1 hour at room temperature on a microplate 
shaker. Prior to the measurement, 20 1] AccuCheck 
counting beads (ThermoFisher- PBC100) was 
added to every sample well. Two wells contain- 
ing 200 ul PBS were left between sample wells, 
in order to prevent cross-contamination be- 
tween samples. 96-well plates were run in a 
flow cytometer (Attune NxT Autosampler with 
Attune NxT Flow Cytometer, ThermoFisher) 
set to: acquisition volume 50 ul, total draw vol- 
ume 80 ul, total sample volume 200 ul, at a speed 
of 100 ul/min. Relevant spectral parameters 
were recorded by the flow cytometer, equipped 
with 405-nm, 488-nm, and 561-nm lasers. The 
following channels were used: DAPI staining, ex- 
citation 405 nm, emission 415 to 465 nm (“blue”); 
and YPet fluorescence, excitation 488 nm, emis- 
sion 505 to 515 nm and 525 to 555 nm (“green”). 

Flow cytometry data was processed using 
FlowJo v10.8.1 software. “Beads” were gated on 
a linear (FSC-H; SSC-H) axis. “Bacteria” were 
gated on a logarithmic (FSC-H; SSC-H) axis. 
DAPI was gated within the “Bacteria” gate, on a 
logarithmic (Ex405-417; Ex405-495) axis. Within 
the DAPI gate, YPet was gated on a logarithmic 
(Ex488-503; Ex488-555) axis. Count statistics for 
beads, DAPI, and YPet were exported to Micro- 
soft Excel and pathogen density (cells/ml) was 
calculated. 


Mouse husbandry and experiments 


Mouse experiments were performed with 6-to- 
8-weeks-old germ-free wild-type C57BL/6J fe- 
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male mice (RRID IMSR_JAX:000664) that were 
bred and maintained in germ-free isolators at 
the Kennedy Institute, University of Oxford for 
more than 5 years. During experiments, mice 
were housed as pairs or trios in sterile, individ- 
ually ventilated Sentry SPP cages (Allentown) 
with enrichment, irradiated food, and auto- 
claved water. Cages of mice were disinfected 
in TecCare Ultra Hydrogen peroxide, peracetic 
acid solution before mice were handled using 
individually sterilized gloves (single use for 
each cage) in a biosafety cabinet that was dis- 
infected with the same acid solution in be- 
tween each treatment group. Cages of mice 
were randomly assigned to a group, and 
cages were opened in the same order each 
time. Researchers were not blinded because 
of the unbiased quantification methods of 
colony counting and metagenomic sequenc- 
ing. Samples sizes were determined using 
standard practices of seven to eight mice 
per group distributed over two to three cages, 
and the experiment was repeated three times 
to allow experimental independence and 
sufficient power for nonparametric testing. 
Mouse experiments were performed in ac- 
cordance with the UK Animal Scientific Pro- 
cedures Act (1986) under a UK Home Office 
license (PPL 9127884) assessed by the Medi- 
cal Sciences Division Animal Welfare and 
Ethical Review Body (AWERB) at the Univer- 
sity of Oxford. Due to strictly defined humane 
endpoints, one mouse needed to be termi- 
nated early. In this case, we excluded data 
from that mouse. 

Germ-free mice were gavaged with a 200-ul 
inoculum of symbionts (see “community pre- 
paration” section) at day -14 of the experi- 
ment and again on day —12 of the experiment 
(Fig. 3A, see scheme). On day 0, overnight cul- 
tures of the pathogens (K. pneumoniae and 
S. Typhimurium) grown aerobically in LB con- 
taining the appropriate antibiotics were 
washed three times with PBS and diluted. 10° 
colony forming units (CFUs) of the pathogen 
were given to each mouse as a 100-ul gavage. 
Feces were sampled daily after gavage of the 
pathogen. Fecal pellets were weighed and 
homogenized with a 5-mm stainless-steel bead 
in 1 ml PBS (samples were shaken vigorously 
in 2-ml Eppendorf tubes). CFUs were enu- 
merated using selective plating (MacConkey 
or LB agar for E. coli; MacConkey + 50 ug/ml 
streptomycin for S. Typhimurium; LB + 50 pg/ 
ml carbenicillin for K. pneumoniae). E. coli, 
K. pneumoniae, and S. Typhimurium can be 
differentiated by color on MacConkey agar 
(S. Typhimurium cannot utilize lactose) or 
morphology (K. pneumoniae produces a cap- 
sule). Mice were euthanized 4 days after in- 
fection with the pathogen. 

S. Typhimurium triggers inflammation to 
bloom in the gut (79). To allow us to focus on 
early colonization events prior to triggering in- 
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flammation (i.e., colonization resistance), we 
used an avirulent strain (SL1344 AinvG AssaV) 
to avoid triggering inflammation, disease, and 
mortality (66). 


DNA isolation from feces and 
metagenomic sequencing 


Aliquots of the feces were frozen immediately 
after collection (prior to homogenization in PBS) 
and stored at -80°C until use. Fecal samples 
were thawed and resuspended in nuclease- 
free water before being transferred to a lysing 
matrix B tube (MP Biomedicals). Three rounds 
of bead beating were performed at 6 m/s for 
40 s. Samples were centrifuged at high speed, 
and DNA in the supernatant was precipitated 
by adding sodium acetate (1/10 volume) and 
ice-cold ethanol (96 to 100%; equal volume) 
and left at -20°C overnight. Samples were cen- 
trifuged at high speed and the pellet was washed 
twice with 70% ethanol before being dried and ° 
resuspended in nuclease-free water. 

Samples were further purified using an AMPure 
cleanup protocol. The samples were mixed with 
AMpure XP beads (Beckman Coulter) and in- 
cubated at room temperature for 5 min before 
being washed twice with 70% ethanol using a 
magnet to avoid removing the DNA bound to 
the AMPure beads. After air drying, nuclease- 
free water was added to the beads to allow col- 
lection of the purified DNA in the supernatant. 

CosmosID performed metagenomic sequenc- 
ing on isolated DNA. DNA libraries were prepared 
using the Nextera XT DNA Library Prepara- 
tion Kit (lumina) and IDT Unique Dual In- 
dexes. Prepared libraries were sequenced on 
the Illumina NovaSeq 6000 platform 2x150 bp 
(3 million reads per sample). CosmosID per- 
formed bioinformatic analysis according to 
proprietary methods on the raw data to gen- 
erate fine-grained taxonomic and relative abun- 
dance estimates (fig. S5). 


Spent media assay 


Species were anaerobically inoculated, grown, 
passaged, and assembled into communities as 
described above. Communities were grown an- 
aerobically in the shaking incubator (225 rpm, 
37°C) for 96 hours to maximize depletion of , 
nutrients utilizable by the community. Super- 
natants were prepared by centrifuging the 
96-hour cultures (10 min, 4400 rpm, room tem- 
perature) and filter-sterilizing the supernatant 
(0.2-um filter). All preparation of supernatants 
were done under anaerobic conditions. Two of 
each of the communities were assembled so 
that for each community, one Hungate tube con- 
taining 5 ml supernatant and another Hungate 
tube containing 2.5 ml supernatant and 2.5 ml 
mGAM (the resupplemented treatment) were 
prepared. The supernatants were invaded with 
10° cells/ml of fluorescent pathogen, sampled, 
and incubated for 24 hours as before. Samples 
were taken on days 0 and 1. 
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Nutrient utilization overlap using Biolog assays 
Utilization of carbon sources by symbionts and 
the pathogens were assessed using Biolog AN 
Microplates (Biolog) according to the protocol 
of the manufacturer. Briefly, species were grown 
in mGAM and passaged (as detailed above). 
The cultures were centrifuged anaerobically 
and washed twice in anaerobic PBS. The sam- 
ples were concentrated, and an aliquot was 
taken to measure the ODggo. The cells were 
diluted or concentrated such that a 200-ul 
aliquot of the cells would correspond to 65% 
transmittance (OD 0.187; the density outlined 
by the manufacturer) in the 14-ml volume of 
AN inoculating fluid provided. The concen- 
trated cells were added to the inoculating fluid 
aerobically (a small amount of O, is needed to 
oxidize the buffer), and 100 ul was aliquoted 
into each well of the microplate. After 10 min 
in aerobic conditions, the plates were put in an 
airtight container with a GasPak EZ Container 
System Sachet to generate hydrogen-free an- 
aerobic conditions. Samples were incubated 
at 35°C for 24 hours before measurement at 
590 nm. Since S. Typhimurium SL1344 is a 
histidine auxotroph, a prototrophic strain was 
made using P22 transduction (67) of the allele 
from a prototrophic strain of S. Typhimurium 
(ATCC 140288). Positive clones were selected 
for on M9 minimal media with 50 g/ml strepto- 
mycin and restreaked three times on LB plates 
to ensure that phages were removed. Growth 
in the absence of exogenous histidine was val- 
idated by streaking on M9 media. 

For each plate, the absorbance reading at 
590 nm was subtracted from the blank (no 
carbon source control in well Al). Each strain 
generates a different background signal, so it 
is important to do this on each plate individ- 
ually. Each species was measured as three in- 
dependent biological replicates and the median 
absorbance value was taken for each carbon 
source. We used a thresholding approach to 
determine if a strain can metabolize a given 
carbon source (defined as Abs 590 nm >0.1 me- 
dian, after blank subtraction; fig. S10). 

To predict overlap with the pathogens, whether 
a given species can use a carbon source was 
compared with the pathogen. We assessed which 
percentage of carbon sources that the pathogen 
can use can also be used by the symbiont. To 
calculate overlap between pathogens and com- 
munities, we used an additive calculation ap- 
proach, where if a species is contained in a 
community that can use a carbon source, the 
entire community can use the carbon source. 
For simplicity, we did not treat cases where 
multiple species use the same nutrients within 
the community differently than if a given nu- 
trient is only covered by one species. 


Genomic analysis using protein overlap 


Genomic information from 50 symbiont species 
and two pathogens (S. Typhimurium, K. pneumo- 
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niae) were retrieved from the PATRIC data- 
base (68) (table S1). On this set, we applied a 
cluster-based analysis that groups proteins 
encoded in genomes into PATRIC global pro- 
tein families (69). A majority of symbiont species 
proteins obtained a protein-family designation 
(clustering rate of 97.77%; 153,771 of 157,283) 
with protein families being populated by pro- 
teins from 2.44 genomes on average (fig. S7). 

Based on this set, we drew protein family 
designations for focal symbiont communities 
and calculated pathogen/community overlap 
using the same approach as for the Biolog plates 
above. That is, for each protein family encoded 
in the pathogen’s genome, we checked if it over- 
lapped with any protein families encoded in 
the community. 


Whole-genome sequencing 


An overnight culture of E£. coli 19Y000018 (the 
AMR clinical urine isolate) was prepared in LB 
containing 100 pg/ml ampicillin. A 1-ml pellet 
was taken, and DNA was extracted using the 
same ethanol precipitation and AMPure clean- 
up protocol detailed above in the section “DNA 
isolation from feces.” Source BioScience per- 
formed whole-genome Illumina sequencing on 
a NovaSeq 6000 to generate 10 million 150 bp 
paired-end reads. Genome assembly was per- 
formed with Unicycler v0.4.8 using default 
settings and subjected to protein-family anno- 
tation as described in “Genomic analysis using 
protein overlap.” 


Predictions based on Biologs and protein families 
Biolog-based predictions 


The carbon-source utilization profile of the 
AMR E. coli clinical isolate was assessed using 
Biolog AN Microplates as detailed above. Next, 
all possible communities made of one, two, 
three, and five species were identified from the 
16 symbiont strains that were previously ana- 
lyzed for carbon-source utilization. For each 
community, the carbon-source utilization over- 
lap was calculated (Fig. 5A; as detailed above). 
At each diversity level, communities were sorted 
by overlap to the AMR E. coli clinical isolate. 
Given that the symbiont F. coli is needed for 
colonization resistance in our experiments, we 
only included communities where the symbiont 
E. coli is present. At each diversity level, we chose 
the highest-ranked community (defined “pre- 
dicted best”) and lowest-ranked community 
(defined “predicted worst”). If there were ties 
in rank, one community was randomly chosen. 
These communities were experimentally as- 
sessed for colonization resistance using the 
extended competition in vitro assay as de- 
tailed above. 


Protein family-based predictions 


We used the whole-genome sequence of the 
AMR E. coli isolate to calculate protein-family 
overlap to communities of symbionts drawn 
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from our 50-species community. As for the 
Biolog-based predictions, we restricted the anal- 
ysis to communities that contained the sym- 
biont E£. coli strain. Specifically, we generated 
100,000 different communities randomly, each 
containing the symbiont E. coli and a total of 
2, 3, 5, or 10 species from the 50-species pool. 
We ranked the communities according to their 
pathogen overlap at each diversity level and 
selected the highest- and lowest-ranked com- 
munities for experimental validation. If ties 
occurred, we chose the communities at ran- 
dom, as for the Biolog-based predictions. 


Statistical analysis 


All graphs were made and statistical analysis 
carried out in Prism v9.4.1 (GraphPad). Protein- 
family overlap analyses and protein family- 
based predictions were computed in R version 
v4.0.5 (70). Figure legends indicate the statis- 
tical test used and the sample sizes. Nonpara- 
metric tests were used to avoid the assumptions 
of normality. 


Ethical statement 


Mouse experiments were performed in accor- 
dance with the UK Animal Scientific Proce- 
dures Act (1986) under a UK Home Office 
license (PPL 9127884) assessed by the Medical 
Sciences Division Animal Welfare and Ethical 
Review Body (AWERB) at the University of 
Oxford. Mice were euthanized using cervical 
dislocation followed by exsanguination as a 
confirmation of death. 
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MESOSCOPIC PHYSICS 


Emission and coherent control of Levitons 


in graphene 


A. Assouline’+, L. Pugliese’?+, H. Chakraborti';, Seunghun Lee®, L. Bernabeu’, M. Jo’, K. Watanabe’, 
T. Taniguchi’, D. C. Glattli?, N. Kumada®, H.-S. Sim?, F. D. Parmentier’, P. Roulleau™* 


Flying qubits encode quantum information in propagating modes instead of stationary discrete states. 
Although photonic flying qubits are available, the weak interaction between photons limits the efficiency 
of conditional quantum gates. Conversely, electronic flying qubits can use Coulomb interactions, but 
the weaker quantum coherence in conventional semiconductors has hindered their realization. In this work, 
we engineered on-demand injection of a single electronic flying qubit state and its manipulation over the 
Bloch sphere. The flying qubit is a Leviton propagating in quantum Hall edge channels of a high-mobility 
graphene monolayer. Although single-shot qubit readout and two-qubit operations are still needed for a 
viable manipulation of flying qubits, the coherent manipulation of an itinerant electronic state at the 
single-electron level presents a highly promising alternative to conventional qubits. 


lying qubit experiments rely on the ability 

to encode information into a propagat- 

ing state of a single photon or electron 

excitation, manipulate the information, 

and read it after operations (7). Photon fly- 
ing qubits evolve in the vacuum, which substan- 
tially reduces decoherence processes. Conversely, 
electron flying qubits naturally experience a 
strong and tunable Coulomb interaction, which 
leads to easier two-qubit operations but gives 
rise to finite decoherence. Electronic flying qubits 
can benefit from recent breakthroughs of elec- 
tron quantum optics in GaAs heterostructures, 
including the Mach-Zehnder interferometer 
(MZI) (2-4), Hong-Ou-Mandel experiments 
(5, 6), robust high-fidelity single-electron sources 
based on Levitons (voltage pulses with a Lo- 
rentzian profile enabling pure-electron excitation 
without any hole) (6, 7), and the demonstra- 
tion of single-electron quantum tomography 
(8). Nevertheless, a basic quantum manipula- 
tion of an on-demand and propagating single 
electron is still missing (9), primarily owing to 
the short coherence length (3) of excited elec- 
trons in conventional semiconductors. This 
problem could be solved by using graphene, 
a two-dimensional atomically thin material, 
which shows outstanding coherence proper- 
ties under relatively large bias (JO, 11). Owing 
to its valley pseudospin degrees of freedom, 
graphene provides a very promising platform. 
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Recently, it was shown that the valley de- 
grees of freedom in graphene can be addressed 
electrostatically (12-17). In particular, coher- 
ent and tunable electronic beam splitters, which 
couple quantum Hall edge channels with oppo- 
site valley polarizations, were formed (JO, 18, 19). 
Then, an electronic MZI along a PN junction 
was realized by placing two valley beam splitters 
at both ends of the junction. However, quantum 
manipulation at the single-electron level, a 
crucial prerequisite for realizing electronic flying 
qubits, is still lacking in graphene. One primary 
reason is the absence of an electron pump, which 
generally requires dynamical control of quantum 
dots. This is extremely challenging in graphene 
because of the absence of a bandgap, unlike in 
conventional semiconductors. 

In this work, we show that Levitons can be a 
reliable option for the injection of single elec- 
trons. Then, we demonstrate Bloch sphere ro- 
tation manipulations, taking advantage of the 
valley degrees of freedom in graphene MZI. 
This validates that the quantum coherence 
of the graphene MZI can be more than a few 
micrometers in length under high-frequency 
excitations. The information on final states is 
read statistically by combining conductance 
and noise measurements while periodically re- 
peating the qubit operation. 


On-demand injection of single electrons 

in graphene 

In conventional semiconductors, different tech- 
niques for controlling on-demand electron ex- 
citation have been developed. The electron 
pump, composed of a series of tunnel barriers 
with an island or a dot, is one of them (20). 
Fast manipulation of the tunnel barriers en- 
ables sequential emission of electrons. In this 
case, electrons are injected well above the 
Fermi energy, which should limit Coulomb 
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interactions with electrons from the Fermi 
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However, because the electron excitations--- 
far from the Fermi surface, there is more room 
to excite electron-hole pairs out of the ground 
state, leading to a very short relaxation length 
(21). For graphene, although the development 
of well-defined quantum dots is an active field 
(22), their fabrication remains challenging and 
an electron pump has not been demonstrated. 
An alternative approach to on-demand single- 
electron injection is a direct application of a 
voltage pulse V(t), where ¢ is time, on the 
emitter contact, with the condition that the 
Faraday flux g(t) = elV(t')dt' /h is an integer 
value, where e is the charge of the electron 
and hf is Planck’s constant. More specifically, 
it has been demonstrated that by shaping the 
pulse as a Lorentzian function, a single elec- 
tron can be emitted without the creation of 
unwanted electron-hole pairs (23, 24). This 
excitation has been called Leviton. In addi- 
tion to its simplicity, this approach allows 
for the emission of electrons very close to the 
Fermi energy, where there is minimal room for 
electron-hole pair creation, thereby protect- 
ing the emitted electron from possible relaxa- 
tion and decoherence. In the following sections, 
we present a demonstration of on-demand 
single-electron injection based on Levitons in 
graphene. 


Coherent manipulation and reading of the 
graphene qubit 
The next step was to demonstrate the coher- 
ent manipulation of single electrons during 
propagation. The most elementary quantum 
manipulation is the rotation of a single qubit on 
the Bloch sphere. This can be achieved through 
an electronic MZI, which can be formed in 
graphene by mixing two N- and P-type edge 
channels with opposite valley isospin +a in the 
bipolar quantum Hall regime (10). At the first 
electron beam splitter of the interferometer, 
the degree of valley-channel mixing can be char- 
acterized by a transmission probability 7, and 
a reflection probability R, = 1- T, of the beam 
splitter. The initial state of an electron defined 
after the first beam splitter can be written as a 
quantum-mechanical superposition | initia) = 
cos (*)|@) + sin(#)|—w), where we introduce 
the channel mixing angle , with cos(*) = 7, 
and |r|? =1-—T7,, where r is a reflection co- 
efficient. The valley superposition state evolves 
by acquiring the Aharonov-Bohm phase o,z 
(which is equal to 2nBA/®,, where B is the 
magnetic field, A is the interferometer area, 
and ®, = h/e is the flux quantum) along the 
MZ1I. The final state at arrival at the second 
beam splitter becomes |Wenai) = cos(%) |@)+ 
sin (%) e"*s|— @). Therefore, beam splitters com- 
bined with the Aharonov-Bohm effect enable the 
basic operations of a valley-isospin flying qubit. 
After the electron passes through the second 
beam splitter, the final state is measured by 
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Fig. 1. Photoassisted shot noise in the quantum Hall regime. (A) (Left) 


Schematic representation of the device in the bi 


polar quantum Hall regime. 


The fil 
region 
the up 


and v2 = 0, respectively. The voltage pulse at frequency v is applied at the upper- 


ing factor below the top gate (Top G) is tuned to vp = -2, whereas the 
not covered by the top gate is tuned to vy = 2. The filling factors below 
per and lower side gates (SG, and SGz, respectively) are tuned to v, = 2 


right ohmic contact (C;). Resulting photoassisted shot noise is amplified at 


low te 


mperature (in contact Cy). Transmitted (/.) and reflected current (Ig) are 


also measured. The inset on the left shows a schematic representation of the 


partitioning experiment. The inset on the right shows a zoomed-in view of 


the va 


ley splitter, where edge-state mixing occurs. (Right) Microscopic view of 


Phase (rad.) 


the sample obtained through an optical microscope. (B) Measured shot noise S; 
(black dots) as a function of the photon number a at 10.5 GHz. The data are 
compared with predicted photoassisted shot noise (black line) [see also section 
IC, “Engineering voltage pulses,” in (32)] and the adiabatic (adia) excess noise 
(red line) given by Set = 262 D(1 — D)4[¢ dtVa.|sin(2#t) | = 2e 22 D(1 — D) H, 
For o < 2, the measured noise agrees with the predicted photoassisted shot 
noise. (C) Excess shot noise (circles) 8S, = S\(q = 1, a4, a2, p) - S(q = -1, a, a2, P) 
as a function of the phase difference between the first and second harmonics 

for different amplitudes (0; = eV;/hv and a2 = eV2/2hv) compared with the 
predicted shot noise (solid lines) [see section IC, “Engineering voltage 

pulses,” in (32)]. Error bars represent SEM. 


projecting it on the output left state |") = 
sin(®) |w) + cos(®)|— w), with sin(®) = to, 
where 7) = ||? represents the transmission 
probability of the second beam splitter. We 
measured the transmission probability of the 
MZ1as Tyzr = |(‘¥ Wena) |’ and the associated 
noise. Using the noise measurement, we show 
that the fundamental property of a Leviton, 
namely the minimization of the number of 
electron-hole pairs, is preserved during its prop- 
agation through the interferometer. 


Voltage-pulse generation 


The sample we used is depicted in Fig. 1A. A 
global graphite back gate and a metallic top 
gate (labeled as Top G in Fig. 1A) are deposited 
on the right half of the sample in order to in- 
dependently tune the electron density in the left 
and right halves of the sample. An electronic 
MZI can be formed in the bipolar quantum Hall 
regime (10, 18, 19, 25-28). The filling factors of 
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the N and P regions are set to vy = 2 and vp = 
—2, respectively, resulting in four copropagat- 
ing channels along the PN junction. It has been 
shown that edge channels from the N and P 
regions with opposite valley polarization can 
be mixed by adjusting upper (SG,) and lower 
(SGz) side gates placed at the intersection be- 
tween the PN junction and the physical edge 
of graphene (JO). 

We first consider the case where the valley 
beam splitter is formed only at the upper edge, 
which can be obtained by setting the filling 
factors below the upper and lower side gates 
to v; < -2 and vz. = O, respectively. We con- 
structed periodic Lorentzian pulses by summing 
a series of harmonics with controlled amplitude 
and phase. Because the amplitude and phase 
of the pulse change during the propagation 
along the electromagnetic lines in the cryo- 
stat, the pulse emitted at the output of the 
generator at room temperature and the one 
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that propagates along the lines of the cryo- 
stat into the sample at base temperature are 
different (Fig. 1A). To resolve this issue, it was 
crucial to determine the amplitude and phase 
of each harmonic that is required to build pe- 
riodic Lorentzian pulses “in situ” by measur- 
ing the photoassisted shot noise (7). To this 
end, we first considered the simplest case with 
a single mode (v = 10.5 GHz). A sinusoidal po- 
tential at frequency v is applied on the upper 
right ohmic contact (C;), and the shot noise is 
measured at the lower left ohmic contact (Cy). 
By coherent scattering at the MZI, this gener- 
ates a photoassisted shot noise, which is char- 
acterized by shot-noise singularities at eVa. = 
nhv (29-31), where Va. is superimposed dc 
bias, m is an integer, and v is frequency. The 
exact number of electron-hole pairs is com- 
puted by comparing measured photoassisted 
shot noise with established theoretical expecta- 
tions (6, 29) [see also section IIA, “Theoretical 
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Fig. 2. Leviton and 2e Leviton. (A) Shot noise (circles) as a function of q = 
eV,-/hv for different values of o;, 2, and ~ compared with the predicted shot 
noise (dashed lines) (32). Note that the finite temperature smears out the 
shot-noise singularities that are expected at eVy, = nhv. The inset shows a 
zoomed-in view of the two-harmonics configuration. (B) Comparison of the shot- 
noise spectroscopy for a 3.5-GHz sine wave with amplitude o = 1 (blue circles) 
and a 3.5-GHz Lorentzian pulse with W/T = 0.09 (W is the width of the pulse and 
T =1/f, where f is the pulse repetition frequency) and o = 1 (red circles). For the 


model,” in (32)]. The excess noise at the thermal 
equilibrium generated by the partitioning of 
electron-hole pairs at the first beam splitter can 
be expressed as S; = CS aie [coth ( 34-) — 
26¢| J? (a), where 0, = kgT,/hv is the tempera- 
ture in frequency units, o = eV,,/Av is the photon 
number, J; is the Bessel function (/ is an integer), 
and S? = 22€' D(1 — D)hv is the typical scale of 
the photoassisted shot noise (D is the transmis- 
sion probability of one edge channel). Note that 
the presence of the factor 2 is caused by the 
two modes involved in the partitioning at the 
Vy = 2 and vp = -2 configurations. The agree- 
ment with the theoretical photoassisted shot 
noise S; confirms that the amplitude at the 
injection contact can be precisely determined 
(Fig. 1B). Next, to determine the phase, we mea- 
sured the shot noise while varying the phase 
difference ~ between the two harmonics, which 
defines the biharmonic signal V,.ni(g, t, P) = q+ 
a,cos(2n* vt) + agcos(2n*vt + ~), where g = eVa,/ 
hy, 04 = CVac3/hv, and dg = CVaco/2hv. In Fig. 1C, 
5S; == Sq = 1, Qh, Ol, @) ~ Sq = -1, Oh, Oo, @) is 
plotted as a function of ¢ for v = 3.5 GHz. By 
comparing the results with the photoassisted 
theory (32), we could accurately adjust ¢ at the 
injection contact. We repeated this process for 
the third and fourth harmonics (see fig. S10 for 
a v-30v calibration). Combined with the ampli- 
tude control, this result demonstrates that it is 
possible to engineer any pulse shape at the in- 
jection contact [see also the detailed discussion 
in section IC, “Engineering voltage pulses,” in (32). 

Having established that constructing a Lo- 
rentzian pulse is possible, we performed en- 
ergy spectroscopy of the Fermi sea with the 
Lorentzian perturbation to demonstrate the 
minimization of electron-hole pair generation 


Assouline et al., Science 382, 1260-1264 (2023) 


B 
0.3 

a 
| 
r 

- 0.2 
N 
xt 
00 
. 
=| 

x 0.1 
Ww 
q + Sine pulse 

1} Leviton 


Tropopc = 0.15 


Tropoec = 0.23 


t Sine pulse 
i } 2e Leviton 


q 


Lorentzian pulse, the excess shot noise AS, is strongly asymmetric. For 
q>atkgl/hv, the noise vanishes exponentially, which is the hallmark of the 
absence of hole excitations. Solid lines are theoretical predictions (32). (C) Same as 
(B) with a = 2. Note that the offset Aq = -0.22 may result from the existence of 
photocurrent at o = 2. We extracted an excess number of electron-hole pairs 

ANeh = AS\/S? = 0.087 for the Leviton and AN., = 0.076 for the 2e Leviton. In 
(B) and (C), the orange and black lines are the photoassisted shot noise theory for 
Leviton and sine pulse, respectively, and error bars represent SEM. 
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by Levitons. The idea was to apply a direct cur- 
rent (dc) on the upper-left ohmic contact, de- 
fining a voltage V;, while the Lorentzian pulse 
is applied on the opposite right contact Cj. 
Under negative bias, electrons emitted in the 
energy range —-eV;, > € > O, where ¢ is energy, 
will antibunch with electron excitations com- 
ing from the driven right contact, resulting 
in no noise (see also figs. S13 and S14). The 
noise variation with V;, gives a measure of the 
number of electron excitations. The same pro- 
cedure was repeated with positive bias to ex- 
tract the number of hole excitations. Figure 
2A shows the photoassisted shot noise as a 
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Fig. 3. Polar angle control of the 2e Leviton state. Excess shot-noise measurements at three different values 
of the transmission for the top beam splitter of the MZI and corresponding polar angles in the Bloch sphere 
representation. Error bars represent SEM. The solid blue line is the result of the photoassisted shot noise theory. 


function of the dc bias for single and two- 
harmonic modes (at @ = 0 and ¢ = 2), which 
agrees well with the theoretical prediction for 
any injected charge g, which is an important 
requirement for the injection of Leviton (q = 1) 
and 2e-Leviton (g = 2). In Fig. 2, B and C, the 
excess shot noise AS;, obtained by subtracting 
the noise with V,, “off from the noise with V,, 
“on,” is shown for a Lorentzian pulse con- 
structed by summing four harmonics with o = 
q = 1 (Leviton configuration) and o = q = 2 (2e- 
Leviton configuration). The asymmetry of the 
excess noise reflects the absence of hole cre- 
ation by the Lorentzian pulse [see also “Excess 
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Fig. 4. On-demand excitations in MZI. (A) MZI configuration with side gates tuned 
to v; 2 2 and v2 = 2. The electron pulse now accumulates a phase dag upon 
propagation (the area enclosed by the loop is shown in yellow). The inset shows a 
schematic representation of Levitons in a MZI experiment. (B) Interference oscillations 
of the MZI transmission T\yz) as a function of the magnetic field obtained by dc 
transport measurement. The solid red line is the theoretical prediction, taking into 


account decoherence as a free parameter (10). (C) Excess shot noise (red circles) 
generated by a sine wave propagating in a MZI as a function of the magnetic 
field for 14 GHz and o = 0.51. The dashed gray line is the theoretical prediction. 
[Detailed equations are given in “Floquet scattering formalism for graphene 
Mach-Zehnder interferometry” in section IIA of (32).] (D to F) As in (C) but for 
10.5 GHz (a = 0.55) (D), f = 7 GHz (a = 0.64) (E), and f = 3.5 GHz (a = 1.22) (F). 


noise from sine and Lorentzian excitations” 
in section IC of (32)]. By comparing it to the 
computed excess noise for an ideal Lorentzian 
pulse (solid orange line), we experimentally 
verified that one or two electrons are injected 
along with a minimum amount of electron- 
hole pairs (at finite temperature thermal exci- 
tations add an extra contribution to the excess 
noise). This constitutes an experimental dem- 
onstration of on-demand single-electron injec- 
tion in graphene quantum Hall edge channels. 
Note that for one- and two-electron Levitons, 
we did not observe any deviation from the non- 
interacting theory [see also “Relevance of the 
electronic interactions” in section ID of (32)]. 
This measurement can be realized at different 
values of the transmission, which demonstrates 
the polar angle 6; control of the 2e-Leviton 
state (Fig. 3). 


Coherent manipulation on the Bloch sphere 


We then turned on the lower beam splitter to 
showcase the coherent manipulation of single 
electrons as they propagate through the elec- 
tronic MZI (Fig. 4, A and B). After passing the 
first beam splitter located at the upper edge of 
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the PN junction, excited single electrons prop- 
agate along the N side with transmission 
probability 7, = |t ? or the P side with reflec- 
tion probability |r|? =1-—T,. In the Bloch 
sphere representation, the polar angle of the 
valley-isospin qubit is tuned by the upper side 
gate. When the polar angle is chosen to be 5 

(where the eMDper beam splitter is half-open 
as T; = \t)|? = 0.5), the valley isospin of the 


(|e) + [-)) vee 
the entrance of the PN junction lies on the 
equator. The isospin then rotates around the 


g axis by the azimuthal angle oa x. The final 
state at the lower edge of the PN junction be- 


(ji) +|-@)) v3. 


value of daz can be measured by the transmis- 
sion probability Tyz1 = (Vina) | whereas 
the number of electron-hole pairs at the lower 
beam splitter can be measured by the shot 
noise. 

We first applied this operation to sine- 
shaped voltage pulses. The shot noise is es- 
sentially determined by the total number of 
electron-hole pairs created by the pulse multi- 


initial state |Vinitial) = 


comes |‘P final) = 
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plied by the factor 7y,71(1 -— Tyyz1). It is given 
by two-particle scattering processes that en- 
close the AB-flux once (leading to a phase con- 
tribution 6,3 = 2nBA/®p) or two times (20,3) 
(33, 34) [see also “Floquet scattering formalism 
for graphene Mach-Zehnder interferometry” 
in section IIA of (32) for the full formula]. Figure 
4, C to F, shows the shot noise as a function of 
the magnetic field for several frequency values 
(v = 3.5, 7, 10.5, and 14 GHz), which are used to 
construct Levitons. The oscillation of the shot 
noise with dap indicates that the quantum 
coherence of the MZI survives under high- 
frequency excitations. 

Finally, to demonstrate the rotation of an 
electron quantum state on the equator of the 
Bloch sphere, it is necessary to measure the 
number of electron-hole pairs while Levitons 
are injected periodically and @,; is allowed to 
evolve. We evaluated AS;(q) generated by pe- 
riodic 2e-Leviton injection for different values 
of the magnetic field (Fig. 5, A and B). Note 
that the signal-to-noise ratio for le-Leviton ex- 
citation was too low to perform a precise mea- 
surement. The observed asymmetry of AS;(q) 
measured at the output of the MZI for all the 
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Fig. 5. Coherent manipulation of a 2e Leviton. (A) MZI transmission Ty). The solid blue line is a sinusoidal fit 
used to extract the ag. (B) (Top) Excess shot noise generated by a Leviton propagating in a MZI interferometer 
for different values of dag (B = 7.3854, 7.3891, and 7.3941 T). (Bottom) From left to right, the valley isospin 
rotates by an azimuthal angle of ~z on the Bloch sphere. Fitted ap (labeled “fit") is compared to the actual 
value of dag set by the magnetic field (labeled “input”). The solid red line is fit to the photoassisted shot noise 


theory. Error bars represent SEM. 


investigated o,p values verifies that the key 
property of Leviton, namely the minimization 
of the number of electron-hole pairs with 2e 
injected charges, is conserved while propagat- 
ing in the MZI. Furthermore, the value of az 
that is extracted from the amplitude of AS,(q) 
is consistent with that obtained from 7T},71. 
These results demonstrate coherent control of 
Levitons. 


Conclusions and outlook 


Our study demonstrates the emission and co- 
herent control of a quantum state at the single- 
electron level in monolayer graphene. Although 
graphene interferometers have been studied 
in the dc regime (10, 18, 19, 35, 36), sending on- 
demand excitations or flying qubits toward a 
MZ1I is a notable step toward quantum infor- 
mation transfer. We established an on-demand 
electron source in graphene based on Levitons 
that minimizes the number of unwanted electron- 
hole pairs. By sending periodically excited 
Levitons to the MZI, we demonstrated the ro- 
tation of the valley flying qubit on the Bloch 
sphere. Encoding quantum information in valley 
state of Levitons should enable two-valley qubit 
operations to be considered (37-41). There it 
can be shown that minimizing the number of 
electron-hole pairs is relevant against deco- 
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herence [see also “Levitons and decoherence” 
in section ID of (32)]. These on-demand elec- 
tron pulses can also carry fractional charges, 
which offers the possibility to braid anyons 
(42-46) in graphene in the time domain. Graph- 
ene is emerging as a promising material with 
robust quantum properties compared with those 
of conventional semiconductors. Beam split- 
ters, interferometers, and single-electron sources 
can be easily realized using PN junctions, open- 
ing up avenues for electronic quantum optics 
experiments. Owing to the simple and elegant 
circuit topology that exploits N and P counter- 
propagating edge states, complex, yet compact, 
interferometers with original entanglement 
schemes can be envisioned. 
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Low voltage-driven high-performance thermal 
switching in antiferroelectric PbZrO; thin films 


Chenhan Liu’t, Yangyang Si?+, Hua Zhang*+, Chao Wu’, Shiging Deng*, Yongqi Dong”, Yijie Li’, 
Meng Zhuo?, Ningbo Fan®, Bin Xu®, Ping Lu’, Lifa Zhang’, Xi Lin’, Xingjun Liu, Juekuan Yang®, 


Zhenlin Luo®, Sujit Das®, Laurent Bellaiche®, Yunfei Chen**, Zuhuang Chen 


2,10». 


Effective control of heat transfer is vital for energy saving and carbon emission reduction. In contrast 

to achievements in electrical conduction, active control of heat transfer is much more challenging. 
Ferroelectrics are promising candidates for thermal switching as a result of their tunable domain structures. 
However, switching ratios in ferroelectrics are low (<1.2). We report that high-quality antiferroelectric PbZr03 
epitaxial thin films exhibit high-contrast (>2.2), fast-speed (<150 nanoseconds), and long-lifetime 

(>10’) thermal switching under a small voltage (<10 V). In situ reciprocal space mapping and atomistic 
modelings reveal that the field-driven antiferroelectric-ferroelectric phase transition induces a substantial 
change of primitive cell size, which modulates phonon-phonon scattering phase space drastically and results in 
high switching ratio. These results advance the concept of thermal transport control in ferroic materials. 


he recovery and management of waste 

heat is important for energy saving and 

carbon emission reduction (1-3) as ~60% 

of the energy in the world is wasted as 

heat. This requires the effective utiliza- 
tion of waste heat and active control of heat 
transfer (4-6). One form of heat transfer is 
phonon transport (7-9). Although modulating 
phonon transport poses greater challenges 
compared with electron transport, thanks to 
the conceptualization of phononic devices (6), 
active and reversible control of phonon trans- 
port to mitigate heat-related concerns has 
stimulated broad research interest (5, 10, 11). 
Until now, active and reversible control of 
phonon transport or thermal conductivity k 
(i.e., thermal switching) has been explored by 
many different methods: strain engineering 
(0, 12), light-triggered alignment of molec- 
ular chains (13, 14), electrochemical-controlled 
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phase transition (J5) or ion intercalation (J6-18), 
temperature-triggered phase transition (19, 20), 
and electric field-driven domain wall density 
change (27-23), etc. For practical applications, 
high-performance thermal switching should 
meet three crucial conditions: (i) high switch- 
ing ratio, (ii) large number of switching cycles, 
and (iii) short switching time. Despite exten- 
sive research on thermal switching methods 
in various materials, it has been difficult to 
find a material that fulfills all three essential 
conditions at room temperature. For exam- 
ple, the electrochemical intercalation of atoms 
or ions into layered materials can induce a 
substantial change in thermal conductivity 
(16-18). However, the intercalation process 
needs a long time (tens of minutes to several 
hours) and the subsequent switching ratio se- 
verely degenerates after only a few cycles (15). 

Ferroelectric (FE) materials are potential 
candidates for thermal switching because they 
have fast dipole switching (24) and electrically 
tunable domain structures (25-28), which can 
be employed to modulate thermal conductiv- 
ity (21-23) by the effects of phonon-domain 
wall scattering (29-31). However, the observed 
switching ratios (A = Kon/Kore) in ferroelectrics 
are rather low, around 1.1 to 1.2 (21-23, 32, 33), 
at room temperature. Recent observations have 
indicated that the low switching ratios origi- 
nate from a mismatch between domain size 
and phonon mean free path (32). That is, near 
room temperature the Umklapp-dominated 
phonon mean free path (in the range of a few 
nanometers to tens of nanometers) (32, 34, 35) 
is much shorter than the domain size (in the 
range of tens to hundreds of nanometers) (23, 32), 
resulting in the weak effects of domain walls 
on thermal conductivity. Because a phase tran- 
sition can change the lattice structure directly, 
which may achieve wide-range modulation 
of phonon mean free path, it can also be em- 
ployed for thermal switching in ferroic ma- 
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terials (34, 36, 37). However, observations Chee 


ing driven by an electric field are absent. We 
investigated the potential for high-performance 
thermal switching in antiferroelectrics (AFEs) 
(38, 39) by exploring electric field-driven thermal 
switching through a structural phase transition. 

Using prototypical AFE PbZrO; (PZO) as a 
model system, we demonstrated that electric 
field-driven AFE-FE phase transition has the 
potential for high 4 because of the substantial 
difference between the AFE and FE structures. 
Through careful control of the film thickness 
and orientation, we achieved a fourfold modu- 
lation of the number (7) of atoms in the primi- 
tive cell and observed a 2.2-fold switching of 
thermal conductivity at room temperature. This 
switching ratio is twice as high as previously 
reported ratios in FE materials. In addition, 
our results demonstrated that the applied volt- 
age required to induce the phase transition is 
less than 10 V, the switching time is less than 
150 ns, and the number of switching cycles 
exceeds 10”. 


Mechanism for thermal switching 


We employed electric field-triggered AFE-FE 
phase transition to realize the thermal switch- 
ing. We show a schematic diagram for the 
reversible modulation of thermal conduc- 
tivity through the phase transition in Fig. 1. 
At zero external field, the structure of PZO is 
AFE with space group of Pbam, which has 
“** ||” antiparallel dipole arrangement (38). 
In this case, the structure is complex and n has 
a high value of 40, leading to a low &, i.e., the 
“OFF” state. When a sufficiently strong electric 
field is applied, the structure will transform 
from the AFE to FE phase, causing the decrease 
of structural complexity and n. As a result, 
Xk increases and the state changes to “ON”. 
Crucially, upon removing the external electric 
field, the structure of PZO returns to its orig- 
inal AFE phase as a result of its lower energy 
state, thereby achieving reversible AFE-FE phase 
transition and thermal switching. 


Strategies to improve switching ratio 


For thermal switching, switching ratio A is the 
key factor to evaluate its performance. From 
the above discussion, to obtain the highest 
switching ratio in PZO films, two conditions 
should be satisfied, i.e., the lowest thermal 
conductivity Kor at the “OFF” state and the 
highest thermal conductivity k,, at the “ON” 
state. For the first condition, the AFE struc- 
ture at zero field should be pure with small rem- 
nant polarization P,. since the FE component 
might easily exist in PZO films (40, 47) and thus 
increase Xo¢. For the second condition, a wider- 
range modulation of 7 is beneficial since smaller 
n in the FE structure can lead to a higher Xo). 
Previous studies have demonstrated that P,. 
of PZO films exhibits an increasing trend as 


lof5s 


RESEARCH | RESEARCH ARTICLE 


the film thickness decreases, suggesting the 
coexistence of a metastable FE phase when 
the film is thin (<100 nm) (42-44). Thus, to 
mitigate the impact of the FE component we 
epitaxially grew high-quality PZO films with 
different thicknesses on SrRuOs; (SRO) buf- 
fered SrTiO; (STO) substrates. We found that 
the optimal thickness was 150 nm (fig. S1). 
Furthermore, we employed STO substrates 
with different orientations to explore the re- 
sponse of antiferroelectric anisotropy to an 
external electric field for thermal switching. 
The reason is that the lattice structure and 
electric response of PZO films would be dif- 
ferent as the electric field is applied along dif- 
ferent directions (45). 

Our x-ray diffraction 0-20 scans (Fig. 2A) 
show good correspondence among diffraction 
peaks of (100)-, (110)-, and (111)-oriented PZO 


Fig. 1. Unlocking the mechanism for 
reversible modulation of n and thermal 
conductivity. (A) Schematic diagram of 
external voltage- or electric field—triggered 
“ON” and “OFF” modes. (B) Schematic 
diagram for the reversible modulation of n. 
At the “OFF” state, PZO has an AFE phase 
with a large n, whereas at the electric 
field-triggered “ON” state, PZO has an FE 
phase with a small n. The dashed blue 
rectangle represents the primitive unit cell, 
which has a significant change in the AFE-FE 
phase transition. (C) Electric field—controlled 
n. (D) Phonon frequency w-dependent 
phonon-phonon scattering rate (reciprocal of 
phonon lifetime t). Larger n has a higher 
scattering rate or shorter phonon lifetime 


A 


while smaller n has lower scattering rate or longer phonon lifetime. (E) Electric field—controlled “ 


Fig. 2. Structural characterization of 
single-crystal PZO. (A) 8-26 scans of 
PZO/SRO heterostructures on STO (100), 
(110), and (111) substrates. The inset shows 
the typical surface topography characterized by 
atomic force microscopy (AFM). (B) Double 
hysteresis loops of (111)-, (110)-, and (100)- 
oriented PZO thin films. The inset presents a 
magnified region of the doted square for 

the comparison of remnant polarization P,. 

(C) Reciprocal space mapping (RSM) around 
STO (312)-diffraction condition for the (111) 
PbZrO3 heterostructure. (D) A typical HAADF- 
STEM cross-sectional image of the (111) film. 
(E) Heat mapping of Pb** shift in the selected 
area in (D) (dashed rectangle), which clearly C 
shows the AFE structure. (F) Fast Fourier 

transform from (D), revealing the 1/4 antiferro- 
electric modulation marked by yellow circles. 
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Q, [111] (nm) 


films and we found no secondary impurity 
phases. A representative atomic force micros- 
copy topographic image (inset of Fig. 2A, fig. 
$2, and supplementary note 1) shows a smooth 
film surface with a root mean square rough- 
ness of 192 pm, indicating high quality of films 
and interfaces (fig. S3). The double hysteresis 
loops of the three oriented PZO films (Fig. 2B) 
show the near-zero remnant polarization (P,.. 
and P,_), indicating the almost pure antiferro- 
electricity of 150-nm-thick films. Notably, the 
(111)-oriented PZO film has the smallest P,. (as 
low as ~2 .C/cm”) and the largest saturation 
polarization P, (as high as ~60 .C/cm?), com- 
pared to the (110)- and (100)-oriented PZO 
films, indicating the presence of the smallest 
FE component at a zero electric field and the 
simplest structure at a sufficiently strong elec- 
tric field. Thus, by controlling film growth thick- 
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ness and orientation, a low Ao and a high Xo, 
could be achieved. 

To reveal the AFE features at zero field, we 
further analyzed the structure of (111)-oriented 
PZO heterostructure. By employing the x-ray 
diffraction reciprocal space mapping (RSM) 
around (312)-reflection of STO (Fig. 2C), 1/4 
satellite peaks were observed along the in-plane 
direction, indicating the presence of ordered 
arrangement of AFE dipoles. Furthermore, 
to obtain atomic-scale information regarding 
the AFE feature, we conducted high-angle 
annular dark-field (HAADF) scanning trans- 
mission electron microscopy (STEM) imaging 
(Fig. 2D). We confirmed the antipolar nature 
tt1| of Pb** displacement within the selected 
area in Fig. 2D (dashed rectangle) by calcu- 
lating the Pb* shift mapping using its posi- 
tion deviation from the averaged position of 
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two adjacent Zr** ions along the [111] direc- 
tion, as depicted in Fig. 2E. The presence of 
1/4 superstructure spots in the fast Fourier 
transform of the STEM image provides fur- 
ther evidence for the fourfold periodicity of 
the atomic arrays, confirming the atomic-scale 
AFE order (Fig. 2F). This observation estab- 
lishes that the pristine PZO films under in- 
vestigation exhibit an excellent antiferroelectric 
feature in both reciprocal and real spaces. 


In situ measurement of thermal switching 


To experimentally verify our analysis, we per- 
formed in situ measurement of electric field- 
triggered thermal switching in PZO films 
through use of the time-domain thermore- 
flectance (TDTR) technique (fig. S4). To fa- 
cilitate the in situ measurement of & under 
an external field, we designed a capacitor het- 
erostructure Pt/PZO/SRO (fig. S3). We show 
the electric field-dependent thermal conduc- 
tivities of (100)-, (110)-, and (111)-oriented PZO 
films at room temperature (Fig. 3A). Compared 
with other oriented films the (111)-oriented 
film exhibits similarly low & at zero field but 
demonstrates higher & under the electric 
fields ranging from —800 to 800 kV/cm. This 
observation suggests that the (111)-oriented 
film possesses the highest switching ratio. 
We show the —Vin/Vout Signals from the TDTR 
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Fig. 3. Electric field—triggered thermal switching in PZO at room temperature. 
(A) Electric field—dependent thermal conductivity k of (111)-, (110)-, and (100)- 
oriented PZO films. The thermal conductivity has a significant increase independent 
on the sign (negative or positive) of the electric field and the largest thermal 
conductivity appears at E higher than +600 kV/cm, i.e., +9 V. (B) The comparison of 
—Vin/Vout Signals for (111)-, (110)-, and (100)-oriented PZO films at an electric field 
around -600 kV/cm. (C) Switching cycle-dependent thermal conductivity and 
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-800 -600 -400-200 0 200 400 600 800 


measurements for the three oriented PZO films 
at an electric field of -600 kV/cm (-9 V) (Fig. 
3B), at which the AFE-FE phase transition (Fig. 
2B) is induced. We obtained & of the film by fit- 
ting the measured signal (solid lines, Fig. 3B). 
We found that the (111)-oriented PZO film has 
the fastest —Vin/Vout decay versus delay time and 
accordingly has the largest k (1.28 W mK”), 
whereas the (100)-oriented PZO film has the 
slowest drop and lowest k (0.89 W mK”). We 
compare the switching ratios of the three PZO 
films in Fig. 3D. The (111)-oriented PZO film 
demonstrates a switching ratio of 2.2, indicating 
that the electric field can induce the maximum 
modulation range of 2 in this crystallographic 
orientation. Our finding is consistent with the 
polarization measurement results and our 
first-principles modeling (Fig. 4). 

For practical applications, thermal switch 
devices require a long lifetime which typically 
necessitates a substantial number of switch- 
ing cycles. However, measuring one thermal 
cycle (Fig. 3A) takes several hours, making it 
unrealistic to measure a large number of ther- 
mal cycles. Because thermal switching in PZO 
is determined by the field-driven AFE-FE phase 
transition, the lifetime of PZO-based thermal 
switch devices can be indirectly determined by 
measuring the number of AFE-FE phase tran- 
sitions, which corresponds to the number of 
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electric cycles. We show the cycle number- 
dependent thermal switching in a (111)-oriented 
PZO film, which can be divided into three steps: 
(i) We directly measured the thermal conduc- 
tivity for the first eight cycles, which shows 
excellent reversibility; (ii) we performed 10’ 
electric cycles following the thermal measure- 
ments. We did not observe discernible electric 
fatigue, and large saturation polarization per- 
sists after 10” cycles. Our observations suggest 
that the reversible AFE-FE phase transition 
exhibits essentially no degradation, which is 
further supported by the hysteresis loop (fig. 
S6A); (iii) we conducted additional four ther- 
mal cycles after 10’ electric cycles and the 
switching ratio remained comparable to the 
initial value. Our observation suggests that 
PZO-based thermal switch devices have the 
potential for a large number of thermal switch- 
ing cycles, likely resulting in a long lifetime. 
We attribute the long-lifetime performance 
to the superior quality of the films (46). To 
confirm that damage reduces the switching 
ratio, we also measured the thermal conduc- 
tivity of a fatigued sample after 10° electric 
cycles. We found that this sample exhibited a 
substantial increase in k compared to the as- 
grown state (fig. S7B), corresponding to a 
substantial reduction in the switching ratio. 
The hysteresis loop analysis reveals that the 
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polarization for (111)-oriented PZO film: 8 thermal cycles, 10’ electric cycles, and 

4 final thermal cycles. (D) The comparison of switching ratios for PZO films at an electric 
field around -600 kV/cm. Another comparison of switching ratios at an electric field 
of 400 kV/cm is shown in fig. S5. (E) Time-dependent switching current (orange) 

and voltage (light purple). From the current profile, the switching time is extracted 

to be about 150 ns. Each point in (A) and (C) is representative of at least three 
independent experiments, each with similar results. Bar, mean + standard error. 
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Fig. 4. Atomic-scale analysis of 
thermal switching in PZO. (A) In- 
plane RSM from the 3D synchrotron— 
based XRD data in AFE (upper 
panel) and FE (lower panel) phases. 
The disppearance of 1/4 satellite 
peaks and the merging of split main 
Bragg peaks as the structure 


> 


Q,//(112] (am) 


transforms from AFE to FE indicate the > 
reduction of primitive cell size. E 
(B) AFE-FE phase transition in PZO ix 
under the action of an electric = 
field along the [111] direction from o 
our developed fully first-principles 
approach. Phonon frequency— Cc 
dependent WP3 (C), phonon-phonon 40" 
scattering rate (D), and group _ 
velocity (E) for AFE and FE PZO. 3107 
40° 
z 
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emergence of the ferroelectric (FE) compo- 
nent, as indicated by the increase in remnant 
polarizations (fig. S7A), elevates the thermal 
conductivity k. 

In addition to switching ratio and number 
of switching cycles, another important factor 
for high-performance thermal switching is 
switching time. To evaluate switching time, 
we applied a trapezoidal wave with rise time 
of 250 ns. We simultaneously measured the 
switching current (Fig. 3E), showing a switch- 
ing time of ~150 ns. Compared to other thermal 
switching mechanisms such as light-triggered 
alignment of molecular chains (on the order of 
tens of seconds) (13) and electrochemical con- 
trolled ion intercalation (ranging from tens of 
minutes to hours) (16-18), the switching time 
is reduced by more than eight orders of mag- 
nitude. This demonstrates the advantages of 
PZO-based thermal switch devices in the con- 
trol of phonon transport. 


Atomic-scale analysis of thermal switching 


To explain electric field-triggered thermal switch- 
ing in PZO, we performed in situ synchrotron- 
based 3D-RSM experiments under an electric 
field (47) to characterize the structural evolu- 
tion during the AFE-FE phase transition. At 
the Q, position of PZO (222) under zero field 
and beyond transition field, the in-plane RSM 
can be extracted from the 3D data of the AFE 
and FE phases, respectively (Fig. 4A). The 
upper panel shows clear 1/4 satellite peaks 
originating from the tt|| antipolar dipole ar- 
rangement, which can substantially multiply 
the primitive cells. In addition, we observed 
the splitting of the main Bragg peak PZO 
(222), which can be attributed to the pseudo- 
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tetragonal features of Pham PZO. When we 
applied the electric field beyond the transi- 
tion field, the 1/4 satellite peaks disappeared 
and the split main Bragg peaks merged into 
one as the structure transformed from AFE to 
FE, clearly indicating the notable structure 
differences between AFE and FE phases as 
well as the reduction of primitive cell size or 
the number of atoms in primitive cell. Thus, 
we report a different mechanism of reversibly 
modulating primitive cell size to realize high- 
performance thermal switching. 

To further understand the mechanism of ther- 
mal switching and explain the film orientation- 
dependent switching ratio, we employed a full 
first-principles approach (47) to simulate the 
AFE-FE phase transition. The similar polariza- 
tion along the AFE-FE phase transition path 
between theoretical calculations and experi- 
mental data (fig. S8) indicates that the phase 
transition behavior is successfully simulated 
by our first-principles approach. As shown in 
Fig. 4B, the electric field along the [111] di- 
rection can substantially decrease n, from 40 
to 10. More importantly, the *t|| antipolar di- 
pole arrangement disappears, consistent with 
Fig. 4A. We also simulated electric fields along 
the [001] and [110] directions and the FE 
phases of PZO have 7 larger than 10 (fig. S9). 
This is why (111)-oriented PZO film has the 
highest switching ratio compared with other 
oriented PZO films (see Fig. 3D and fig. S5B). 

We then employed dual-phonon theory (48) 
to calculate the thermal conductivity of PZO. It 
should be noted that our theoretical calcula- 
tions accounted for the three-phonon process. 
Phonon renormalization and the four-phonon 
process were omitted because of their mini- 
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mal influence on thermal conductivity (fig. S10, 
supplementary note 4). The calculated thermal 
conductivity of AFE PZO at room temper- 
ature stands at 0.97 W m7? K+, which is mar- 
ginally higher than experimental data (0.55 
to 0.80 W m~ K-?). Possible reasons might 
include sample defects, boundary scattering, 
and substrate effects. Furthermore, we metic- 
ulously examined the impact of primitive cell 
and supercell sizes on thermal conductivity in 
addition to conducting comprehensive con- 
vergence tests (supplementary notes 5 and 6). 
We compare the weighted phonon-phonon scat- 
tering phase space (WP3) for the AFE struc- 
ture at zero field and FE structure under an 
electric field applied along the [111] direction 
(Fig. 4C). Here, WP3 measures the scattering 
phase space of populated phonons at the tar- 
get temperature (300 K) (49). Notably, as n 
decreases from 40 to 10, the value of WP3 has 
a substantial decrease over the entire phonon 
spectrum. Such decrease of WP3 is different 
from previous strategies (8) for modulating the 
thermal conductivity, for which phonons with- 
in only a narrow spectrum range are modulated. 
Because thermal conductivity is the integral of 
phonon transport over the entire phonon spec- 
trum (8), the change in WP3 over the entire 
phonon spectrum is the underlying reason 
for the much higher switching ratio in the 
current work than that in previous literature 
(21-23, 32, 33). In addition to WP3-related 
phonon lifetime or phonon-phonon scatter- 
ing rate (Fig. 4D), thermal conductivity is also 
determined by specific heat, phonon group 
velocity (Fig. 4E), and phonon anharmonicity 
(8) (fig. S11 and supplementary note 2). Detailed 
first-principles calculations (supplementary 
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Fig. 5. Thermal switching ratios 3.0 
in the current work and previous 
FE materials at room tempera- 
ture. The switching ratios in the 
experiment are from in situ TDTR 
measurements and in theory 

are from the prediction of first- 
principles calculations with dual- 
phonon theory (fig. S12), i.e., normal 
and diffuson-like phonons. In con- 
trast to the previous approach 

of reversible modulation of domain 
wall density, our strategy involving the 
reversible modulation of the number 
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of atoms (n) within the primitive unit cell demonstrates a significantly enhanced switching ratio in 
antiferroelectric/ferroelectric materials. Experimental switching ratio is representative of at least three 
independent experiments, each with similar results. Bar, mean + standard error. 


note 3) show that compared with n-dependent 
WP3, these three other factors all have a 
much weaker contribution to the thermal con- 
ductivity difference between the AFE and FE 
structures (table S1). Overall, the high switch- 
ing ratio in PZO arises from the wide-range 
modulation of the number of atoms 7 in the 
primitive unit cell. 

We compare our thermal switching ratios 
with previous AFE/FE materials (21-23, 32, 33) 
at room temperature (Fig. 5). The fundamen- 
tal reason behind our high ratios lies in the 
utilization of the reversible modulation of the 
number of atoms (7) within the primitive unit 
cell. This means that materials with n having a 
large difference before and after the phase 
transition such as some lead-based perovskites 
that have incommensurate structures (50) may 
be good candidates for thermal switching. In 
the previous work, domain wall density was 
modulated to achieve thermal switching. How- 
ever, domain sizes in FE materials are typically 
tens to hundreds of nanometers, much longer 
than the phonon mean free path at room tem- 
perature. For example, as shown in fig. S13, 
phonons with mean free path less than 14 nm 
(0.74 nm) contribute to 80% of the total ther- 
mal conductivity of PZO from the linearized 
Boltzmann transport equation (dual-phonon 
theory) at room temperature. In such cases, mod- 
ulating domain size or domain wall density can 
only slightly change the thermal conductivity 
because Umklapp phonon scattering is much 
stronger than phonon-domain wall scattering. 
For our observations, the dominate Umklapp 
phonon scattering was directly modulated dur- 
ing the electric field-triggered AFE-FE phase 
transition, resulting in the high switching ratio. 


Conclusions 


In summary, we report a low-voltage-driven 
high-contrast, fast-speed, and long-lifetime 
thermal switching in antiferroelectric PZO by 
employing a novel mechanism of reversibly 
modulating the number of atoms (7) within 
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the primitive cell. The thermal switching was 
realized by simply turning on or off the ex- 
ternal electric field, which means there are 
no moving parts. This would help facilitate 
the integration of PZO-based thermal switches 
with other systems. These findings advance 
the understanding of phonon transport in 
(anti-)ferroelectrics and provides an effi- 
cient strategy to realize active control of 
heat transfer. 
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Current HIV vaccines designed to stimulate CD8* T cells have failed to induce immunologic control upon 
infection. The functions of vaccine-induced HIV-specific CD8* T cells were investigated here in detail. 
Cytotoxic capacity was significantly lower than in HIV controllers and was not a consequence of 

low frequency or unaccumulated functional cytotoxic proteins. Low cytotoxic capacity was attributable 
to impaired degranulation in response to the low antigen levels present on HIV-infected targets. The 
vaccine-induced T cell receptor (TCR) repertoire was polyclonal and transduction of these TCRs 
conferred the same reduced functions. These results define a mechanism accounting for poor antiviral 
activity induced by these vaccines and suggest that an effective CD8* T cell response may require a 
vaccination strategy that drives further TCR clonal selection. 


esigning a highly effective HIV/AIDS 
vaccine to provide long-term protec- 
tive immunity remains a major global 
health priority. There are reasons to be 
optimistic that vaccine-generated CD8* 
T cells could play an important role in con- 
taining HIV below detectable levels. In chro- 
nic infection, robust correlates of spontaneous 
immunologic control have been identified (J). 
Based upon preclinical work in SIV- or SHIV- 
challenged Rhesus macaques, CD8* T cells in- 
duced by vaccines or passive transfer of antibodies 
during acute infection appear to fully suppress 
or even eradicate lentiviral infection (2-4). De- 
spite these advances, the correlates of this ac- 
tivity are not fully understood. 
Emphasis has shifted away from vaccines 
that primarily induce HIV-specific CD8* T cells 
because of a lack of efficacy demonstrated 
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in some high-profile studies. In the Step trial, 
the Merck replication defective trivalent ade- 
novirus (Ad) serotype 5 gag/pol/nef subtype B 
vaccine did not protect from infection and did 
not reduce HIV load after infection (5, 6). We 
observed low cytotoxic capacity against pri- 
mary autologous HIV-infected CD4* T cells 
among vaccinees receiving this regimen (7), 
although the mechanism was not defined. 

The functions of HIV-specific CD8* T cells 
induced by current or prior candidate HIV 
vaccines in humans were investigated in detail. 
In comparison with chronically HIV-infected 
long-term nonprogressors/elite controllers 
(LTNP/ECs) and progressors, the HIV-specific 
CD8* T cells of vaccinees had T cell receptors 
(TCRs) of insufficient sensitivity to efficiently 
degranulate in response to low peptide-MHC 
(pMHC) levels on the surface of HIV-infected 
CD4** T cells. These results define a mechanism 
accounting for the poor cytotoxic capacity and 
antiviral efficacy induced by these vaccines and 
suggest potential immune response targets for 
HIV-1 vaccines and immunotherapies. 


The Merck Ad5/HIV vaccine induces low CD8* 
T cell cytotoxic capacity 


Peripheral blood mononuclear cells (PBMCs) 
of 34 Step vaccinees (fig. S1 and table S1) were 
examined in a blinded manner. CD8* T cell 
effectors were stimulated with autologous 
HIV-infected CD4" T cells for 6 days to enable 
cytotoxic granule loading (8, 9). Cytotoxic re- 
sponses, measured by a fluorescence microscopy- 
based technique (“Pathway ICE”, infected CD4* 
T cell elimination) (fig. S2 and movie SD), strongly 
correlated with flow cytometry (“FACS ICE”) 
results (r = 0.9, P < 0.001) (fig. S3A) and were 
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highly reproducible (pooled SD = 45.9) oct 
S3B). Vaccinee CD8* T cell cytotoxic capac 
was extremely low (median 27.9%), significant- 
ly less than that of both progressors (median 
44.3%, P < 0.001) and LTNP/ECs (median 68.3%, 
P < 0.001) (Fig. 1A). This was not due to lower 
percentages of vaccinee HIV-specific CD8* 
T cells measured by flow cytometry, which 
were similar to progressors (medians 6.73 ver- 
sus 6.09%, respectively, P > 0.5) (Fig. 1B and 
fig. S3C). This latter result—a median increase 
of 5.2 times in HIV-specific CD8* T cell fre- 
quency from a low 0.59% baseline (table S1)— 
suggested that vaccinee HIV-specific CD8* 
T cells had significantly expanded. Despite 
this apparent expansion, the cytotoxic activity 
per cell of vaccinees was well below progres- 
sors and LTNP/ECs (P < 0.001) (Fig. 1C), even 
after the effector-to-target (E:T) ratio was ad- 
justed to maximize overlap (fig. S3D). Cyto- 
toxic capacity in these vaccinees was most . 
significantly correlated with the frequencies 
of degranulating (CD107a*) CD8* T cells (r = 
0.49, P = 0.003) (Fig. 1D and fig. $3, E and F). 
Although the responses of vaccinees were 
not directly compared with ART-suppressed 
progressors, we previously found that virus 
suppression does not restore cytolytic activ- 
ity (10, 11). Thus, the Merck Ad5/HIV vaccine 
induces HIV-specific CD8* T cells with ro- 
bust expansion potential but poor cytotoxic 
capacity. 

Next, we evaluated whether vaccinee CD8* 
T cell responses were associated with HIV 
control. Post-infection PBMCs were available 
from 14 vaccinees with “low” (n = 6: <400 to 
5743 copies/ml) or “high” (n = 8: 39,345 to 
256,125 copies/ml) set point HIV-1 RNA lev- 
els (fig. S4 and table S1). Cytotoxic capacity 
increased significantly following infection in 
both viral load subgroups (P < 0.03) but re- 
mained significantly less than LTNP/ECs (P < 
0.01) (fig. S4A) despite comparable frequen- 
cies of HIV-specific CD8* T cells (P = 0.05) (fig. 
S4B). In addition, the cytotoxic capacity per cell 
post infection of vaccinees remained signif- 
icantly lower than that of LTNP/ECs (P < 0.01) 
(fig. S4, C and D). Although two vaccinees with 
<400 HIV RNA copies/ml were among the high 
responders, preinfection and postinfection 
cytotoxic capacity in vaccinees did not cor- 
relate with set point viral loads (P > 0.5) (fig. 
S5, A and B), likely because the vaccine induced 
very low cytotoxic capacity overall. The fre- 
quency of degranulating CD107a* CD8* T cells 
preinfection was the strongest correlate of set 
point viral load (r = -0.5, P = 0.003) (Fig. 1E 
and fig. S5, C to G). 


Low cytotoxic activity of Ad5/HIV vaccinee 
CD8* T cells is not due to reduced cytotoxic 
protein expression or function 

We next investigated the expression and function 
of cytotoxic proteins. PBMCs from 12 Merck 
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Ad5/HIV vaccinees who had undergone leuka- 
pheresis in the HVTN 071 study (fig. SI) were 
stimulated with HIV-infected CD4" T cell tar- 
gets and analyzed by flow cytometry. Relatively 
low cytotoxic capacity in Ad5/HIV vaccinee 
CD8* T cells by FACS ICE occurred despite 
high PRF or GrB content that did not differ 
from LTNP/EC CD8* T cells, except for higher 
PRF mean fluorescence intensity (MFT) in vac- 
cinees (Fig. 2A and fig. S6A). The fraction of 
degranulating CD8* T cells in vaccinees again 
correlated significantly with cytotoxic capac- 
ity (r = 0.76, P = 0.007) (Fig. 2B). Extracellular 
cytotoxic protein concentrations and activ- 
ities were measured after coincubating CD8* 
T cells and HIV-infected CD4* T cell targets 
for 1 hour. Median extracellular PRF and GrB 
concentrations of vaccinees were intermediate 
between LTNP/ECs (P = 0.01 and P = 0.005, 
respectively) and progressors (P > 0.05 and P = 
0.01, respectively) (Fig. 2, C and D). Functional 
activities of PRF (72) and GrB exhibited similar 
trends (Fig. 2, E and F). Extracellular PRF and 
GrB concentrations correlated directly with 
cytotoxic activities in all participants (r = 0.7, 
P<0.001 and r = 0.9, P < 0.001, respectively) 
(fig. S6, B and C). For HVTN 071 vaccinees, 
PRF concentration did not correlate with PRF 
activity (r = 0.08, P > 0.5). This was probably 
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Fig. 1. The Merck Ad5/HIV vaccine induces low cytotoxic capacity per cell 
but degranulating CD107a* CD8* T cell frequencies correlate inversely 
with HIV-1 load. (A) and (B) Summary of cytotoxic responses measured by 
fluorescence microscopy as the elimination of HlVgrp-infected autologous CD4* 
T cell targets in 40 min (Pathway ICE, circles) (A) and Day 6 CD107a* and/or IFN-y* 
CD8* T cell frequencies measured by flow cytometry (squares) (B) are shown 

for LTNP/ECs (red symbols, n = 19), progressors (blue symbols, n = 19), 
B*27-/B*57- Step vaccinees (open black symbols, n = 26), B*27* or B*57* Step 
vaccinees with HIV-1 RNA levels >400 copies/ml (solid black symbols, n = 6) and 
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related to the same peak in activity at low 
concentrations observed in LTNP/ECs. How- 
ever, GrB concentration and activity were 
strongly directly correlated (r = 0.84, P = 0.004) 
(Fig. 2, G and H). Thus, the cytotoxic proteins 
that were up-regulated and exocytosed from 
Ad5/HIV vaccinee CD8* T cells are function- 
ally intact. 


Ad5/HIV vaccinee HIV-specific CD8* T cells 
are less multifunctional and exhibit 
reduced PRF secretory capacity relative 

to LTNP/EC cells 


We also performed an exploratory analysis of 
the secretome and intracellular signalome (13). 
The CD8* T cell responses of two LTNP/ECs 
could be readily distinguished from two Ad5/ 
HIV vaccinees in three-dimensional space 
by t-distributed stochastic neighbor embed- 
ding (t-SNE) (fig. S7A). The principal drivers 
differentiating these responses were multi- 
functional subsets enriched in LTNP/ECs that 
included combinations of the effector proteins 
granzyme B, MIP-1f, PRF, and RANTES (fig. 
S7B). A panel of signal transduction phospho- 
proteins did not differ in frequency between 
LTNP/ECs and Ad5/HIV vaccinees, suggesting 
comparable activation status and signal trans- 
duction capacity between the groups (fig. S7C). 
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CD8* T cells (%) 


Although frequencies of intracellular plus se- 
creted PRF were similar between Ad5/HIV 
vaccinees and LTNP/ECs (23.8 versus 39.8%, 
respectively, P > 0.05), the secreted PRF fre- 
quency from Ad5/HIV vaccinee cells was sig- 
nificantly lower than in LTNP/ECs (6.4 versus 
29.2%, respectively, P = 0.02) (fig. S7D). Thus, 
the reduced functionality of Ad5/HIV vacci- 
nee cells relative to those of LTNP/ECs may 
be related to fewer PRF-containing multifunc- 
tional subsets and reduced PRF secretory 
capacity. 


Effector CD8* T cells of vaccinees degranulate 
poorly in response to HIV-infected CD4* 
T cell targets 


Low CD107a* CD8* T cell frequencies in re- 
sponse to infected targets may be caused by low 
numbers of antigen-specific cells or impaired 
effector-cell degranulation. To control for this, 
we used an HLA class I-HIV-1 tetramer panel . 
labeling HIV-specific CD8* T cells (fig. S8, 
tables S2 and S3, and data S1). The median 
fractions of HVTN 071 vaccinee tetramer* 
CD8* T cells expressing PRF (75.1%) and GrB 
(85.2%) following 6-day stimulation with HIV- 
infected targets were lower than those of 
LTNP/ECs (89.4%, P = 0.006 and 94.1%, P = 
0.02, respectively) and higher than progressors 
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B*27* or B*57* Step vaccinees with HIV-1 RNA levels <400 copies/ml 

(brown symbols, n = 2). These data are representative of two independent 
experiments. Horizontal lines indicate median values. Comparisons were 

made using the Wilcoxon two-sample test. Only significant P values are shown: 
*** P < 0.001. (C) ICE responses were plotted against the true E:T ratios to 
assess per-cell cytotoxic capacity. Group differences were quantified by 
regression analysis. (D and E) Correlations of CD107a* CD8* T cell frequencies 
with Pathway ICE and HIV-1 RNA levels were determined by the Spearman 
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Fig. 2. Low cytotoxic activity of Ad5/HIV vaccinee 


to reduced cytotoxic protein expression or function. (A) Flow cytometry was 


used to measure ICE responses (circles) and day 6 C 


CD107a and/or IFN-y (squares), perforin (PRF, upward triangles) and granzyme B 
(GrB, downward triangles) from LTNP/ECs (red symbols, n = 13), progressors 
(blue symbols, n = 11), and HVTN O71 Ad5/HIV vaccinees (black symbols, n = 12). 


(B) In HVTN O71 vaccinees, ICE responses correlated di 
T cell frequencies by the Spearman rank method. (C an 
extracellular PRF (C) and GrB (D) were determined in s 


(59.1%, P = 0.02 and 64.5%, P < 0.001, re- 
spectively) (Fig. 3A). Despite the high cyto- 
toxic protein content of HVTN 071 vaccinee 
tetramer* CD8* T cells, the median fraction 
expressing the degranulation marker CD107a 
following 6-hour restimulation with HIV- 
infected targets was much lower (8.4%) than both 
progressors (26.2%, P = 0.04) and LTNP/ECs 
(52%, P < 0.001) (Fig. 3A). Similar differences 
for IFN-y-expressing cells were noted among 
the groups. We also measured CD8* T cell de- 
granulation capacity in three additional vac- 
cine cohorts: healthy subjects who had received 


CD8* T cells is not due 


D8* T cells expressing 


rectly with CD107a* CD8* 
dd D) Concentrations of 
upernatants by ELISA kits. 


HIV vaccine administered as a single IM in- 
jection (VRC_006) (/4) or as a boost after 
priming with three multi-antigen DNA vac- 
cinations (VRC_008) (15) and vaccinees in 
HVTN 087 who were primed with three multi- 
antigen DNA vaccinations (ProfectusVax) plus 
high-dose (1500 ug) IL-12 before boosting 
with a live, attenuated vesicular stomatitis vi- 
rus expressing HIV-1 Gag (VSV-Gag) (Fig. 3, fig. 
S1, and table $2) (6). Except for three partic- 
ipants in HVTN 087 with responses that over- 
lapped with LTNP/ECs, HIV-specific cells from 
vaccinees in these cohorts exhibited very low 


one dose of the VRC-replication-defective Ad5/ 
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degranulation capacity (Fig. 3A). 
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5 10 
GrB concentration (pg/ml x10) 


(E) PRF activity in cell pellets was measured by flow cytometry as the 
percentages of live, propidium iodide (Pl)* CD4* T cell targets. (F) Extracellular 
GrB activity was measured by changes in fluorescence of a fluorogenic GrB 
substrate in cell-free supernatants. These data are representative of three 
independent experiments. Horizontal lines indicate median values. Comparisons 
were made using the Wilcoxon two-sample test. Only significant P values are 
shown: * P < 0.05; ** P < 0.01; *** P < 0.001. (G and H) In 071 vaccinees, 
PRF (G) and GrB (H) extracellular concentrations were correlated with their 
activities by the Spearman rank method. 


As a second measurement of degranulation, 
net changes in GrB MFI in effectors upon re- 
stimulation (GrB AMF) (fig. S8, upper quad- 
rants of last column) correlated inversely with 
frequencies of CD107a* tetramer® cells (r = 
-0.79, P < 0.001) (Fig. 3B). There was markedly 
reduced loss of GrB in HVTN 071 (+416) and 
VRC_006/008 (—376) vaccinees compared with 
chronically infected participants (LTNP/ECs: 
—13,002; progressors: —4010, P < 0.006) (Fig. 3C). 
ICE responses confirmed low cytotoxic capac- 
ity in the CD8* T cells of most vaccinees (fig. S9). 
Considerable homology was observed among se- 
quences corresponding to the synthetic epitopes, 
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Fig. 3. Effector CD8* T cells of vaccinees degranulate poorly in response to HIV-infected CD4* 

T cells. (A) Summary of the percent expression in HIV tetramer* CD8* T cells of PRF (upward 
triangles), GrB (downward triangles), CD107a (squares), and IFN-y (hexagons) measured by flow 
cytometry after 6-day stimulation with HIV-infected CD4* T cell targets are shown in LTNP/ECs (red 
symbols, n = 10 to 13), progressors (blue symbols, n = 10 to 11), HVTN 071 Ad5/HIV vaccinees 
(black symbols, n = 10), VRC_006/008 Ad5/HIV vaccinees (orange symbols, n = 16), and HVTN 087 


vaccinees (magenta symbols, n = 5 to 8). For CD107a 


and IFN-y expression, Day 6 CD8* T cells 


were restimulated with autologous uninfected or HIV-infected CD4* T cell targets for 6 hours in the 
presence of monensin, brefeldin-A, and a CD107a monoclonal antibody. Background responses to 
uninfected targets were subtracted. (B) In gated HIV tetramer* CD8* T cells that were GrB* and/or 
CD107a*, loss of GrB MFI upon restimulation (GrB AMFI) inversely correlated with CD107a*HIV tetramer* 
CD8* T cells by the Spearman rank method. (C) Summary of GrB AMFI in HIV tetramer* CD8* 

T cells is shown for the same subjects in (A). These data are representative of two independent 
experiments. Horizontal lines indicate median values. Comparisons were made using the Wilcoxon 
two-sample test. Only significant P values are shown: * P < 0.05; ** P < 0.01; *** P < 0.001. 


the HIV-1 vaccine inserts, HIVsri62 (used to su- 
perinfect autologous targets), and HXB2 (as a 
reference), which suggested that poor respon- 
siveness was unlikely, due to lack of HIVsrieo 
recognition (fig. S10). Thus, the HIV-specific CD8* 
T cells induced by various HIV vaccines exhibit a 
markedly impaired ability to degranulate upon 
restimulation with HIV-infected CD4* T cells. 


Reduced degranulation capacity of Ad5/HIV 
vaccine-induced HIV-specific CD8* T cells is due 
to low avidity and impaired cytotoxic granule 
polarization toward the immunologic synapse 
Cells from LTNP/ECs, progressors, and Ad5/HIV 
vaccinees were restimulated for 6 hours with 
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a range of single optimal peptide dilutions (cor- 
responding to their immunodominant tetramer* 
CDs* T cell responses) and assessed for CD107a 
expression (Fig. 4 and fig. SI1A). The peptide 
concentrations that induced CD107a responses 
in tetramer® CD8* T cells halfway between base- 
line and maximum (EC;9) were similar between 
LTNP/ECs and progressors (medians -8.81 
versus —8.68 log M, P > 0.05), but more than a 
log-fold lower in chronically infected partici- 
pants compared with Ad5/HIV vaccinees (—7.44, 
P < 0.001) (Fig. 4A). Responses restricted by 
protective HLA class I proteins enriched in 
LTNP/ECs tended to be of higher avidity across 
participant groups (J7, 18), although the avidity 
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of other dominant responses were more var- 
iable (Fig. 4A). Given the comparable avidity of 
cells from LTNP/ECs and progressors—which 
is consistent with prior results (J, 19)—our in- 
vestigations subsequently focused on features 
distinguishing the responses of LTNP/ECs from 
vaccinees. CD107a expression was significantly 
lower across the range of peptide concentra- 
tions in Ad5/HIV vaccinees compared with 
LTNP/ECs (P < 0.001) (Fig. 4B). In pairwise com- 
parisons, differences were most pronounced 
at lower concentrations (median difference 
43.39% at 10° dilution, P < 0.001 versus 2.73% 
at a10~° dilution, P > 0.05). Similarly, degran- 
ulation responses across all peptide dilutions 
in CD8* T cells specific for cytomegalovirus, 
influenza virus, respiratory syncytial virus and, 
in COVID-19-mRNA vaccine recipients, SARS- 
CoV-2 exceeded those of Ad5/HIV vaccinees (P < 
0.001) (Fig. 4C and table S3). 

The peptide concentration present on in- 
fected targets was interpolated by plotting 
CD107a responses in HIV tetramer* CD8* T cells 
measured in parallel with infected targets on 
peptide response curves in six subjects (fig. 
SIIB). This suggested the effective optimal epi- 
tope concentration on infected targets was 
approximately 10~° M, the peptide concen- 
tration at which very few Ad5/HIV vaccinee 
cells degranulated (median 10.9%, mean 20.6%) 
(Fig. 4B). An analysis of the peptide concen- 
tration in 1 to 17x10’ sorted HIV-infected CD4* 
T cells by targeted mass spectrometry showed 
that two peptides reliably detected by this tech- 
nique (EI8 and FL8) were below the 10°° M 
detection limit (fig. $12), consistent with the 
functional data. Thus, the peptide concentra- 
tion on the infected cell surface appears to be 
approximately 200 to 1000 times below that 
commonly used in most in vitro measures of 
CD8* T cells. Furthermore, low antigen sensi- 
tivity is most pronounced at these very low 
interpolated peptide concentrations on HIV- 
infected cells. 

Reduced functional avidity has been asso- 
ciated with altered mobilization of cytotoxic 
granules toward the immunologic synapse (IS) 
(20-22). Using a fluorescent microscopy plat- 
form (Fig. 4D), lytic granule polarization to the 
IS was significantly lower in vaccinee versus 
LTNP/EC CD8* T cells at low (10~° M) but not 
high (10° M) peptide concentrations (P = 0.038) 
(Fig. 4E). However, the numbers of effector- 
target conjugates formed in LTNP/ECs and 
Ad5/HIV vaccinees were similar (P > 0.05) 
(fig. S11C), consistent with prior work (20, 27). 
Conventional confocal microscopy revealed 
similar findings, with lower numbers of polar- 
ized conjugates in Ad5/HIV vaccinees compared 
to LTNP/ECs at low peptide concentrations 
(fig. S13). Thus, low-avidity interactions of vac- 
cinee HIV-specific CD8* T cells induced lim- 
ited cytotoxic granule polarization toward 
the IS. 
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Low-sensitivity TCRs on CD8* T cells 

induced by Ad5/HIV vaccines account 

for low avidity interactions leading 

to reduced functionality 

Poor functional avidity may be a result of the 
binding strength of the TCR for its pMHC li- 
gand, TCR density, dependency for the CD8 
coreceptor or adhesion molecule ligation, or sig- 
naling cascade defects downstream of the TCR 
complex (23-25). When PBMCs from LTNP/ECs 
or Ad5/HIV vaccinees were stimulated with pep- 
tide pools, expression on HIV tetramer” cells 
of the co-stimulatory receptors CD2, CD88, 
CDila, and CD18 did not differ (P > 0.5) (fig. 
$14A), nor did degranulation responses to a 
broad range of plate-bound CD3-specific anti- 
body concentrations (P > 0.5) (Fig. 5A). These 
results, paired with earlier phosphoprotein 
data (fig. S7C), suggested that costimulatory 
molecule expression or diminished signal trans- 
duction were unlikely explanations for low PRF 
polarization and degranulation in Ad5/HIV 
vaccinee cells. 

Therefore, it remained possible that a fea- 
ture of the TCR complex itself could under- 
pin the reduced functional avidity observed 
in Ad5/HIV vaccinees. TCR sequence analysis 
(26) of immunodominant HIV tetramer* CDs* 
T cells revealed significantly greater diversity 
in the TCR repertoires of Ad5/HIV vaccinees 
compared with LTNP/ECs (0.83 versus 0.51 
Simpson’s Diversity Index, respectively, P = 
0.02) (Fig. 5, B and C, and table S4). Based 
only on TCRB sequences, a few shared and/or 
public clonotypes in responses restricted by the 
protective class I proteins B27 or B57 were ob- 
served in both groups (table S4). TCRs were 
then transduced into Jurkat cells or primary 
PBMCs to investigate function, focusing on 
dominant clonotypes (27). Peptide-MHC multi- 
mers with reversible Ni**-nitrilotriacetic acid 
histidine tags (NTAmers) (28) revealed a non- 
significant trend toward more rapid dissocia- 
tion of B27-KK10-specific monomers from the 
TCRs of three Ad5/HIV vaccinees versus more 
delayed off rates of TCRs from two LTNP/ECs 
(median K,¢;, 13.6 versus 40.1, respectively, P > 
0.05) (fig. S14B). To further examine this with 
additional TCR clones, the degranulation ca- 
pacity of primary PBMCs from a healthy donor 
transduced with single TCRs was measured in 
response to heterologous HIV-infected targets 
matched only at the presenting HLA class I 
protein. Dominant Ad5/HIV vaccinee TCRs 
on tetramer” effectors exhibited significantly 
less CD107a up-regulation in response to HIV- 
infected targets than did LTNP/EC TCR-bearing 
effectors (32.1% versus 50.3%, P = 0.01) (Fig. 
5D), despite similar tetramer staining (P > 0.5, 
fig. S14C). Consistent with the earlier avidity 
results, B27/KK10-specific TCRs were charac- 
terized by greater degranulation responses 
irrespective of participant group. However, 
dominant LTNP/EC TCRs recognizing anti- 
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gens presented by even nonprotective HLA 
proteins mediated robust degranulation re- 
sponses. Thus, low-avidity interactions of HIV- 
specific CD8* T cells in Ad5/HIV vaccinees result 
from a preponderance of less sensitive TCRs, 
which induce limited cytotoxic granule polar- 
ization toward the IS, inefficient degranulation, 
and reduced cytotoxic capacity in response to 
the low peptide concentrations presented by 
HIV-infected CD4* T cell targets. 
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Discussion 

We observed that even after 6 day stimulation 
to enable lytic granule loading (8, 9), cytolytic 
killing induced by several past or present can- 
didate vaccines was universally low relative 
to chronically infected participants as a result 
of low TCR antigen sensitivity that was in- 
sufficient to respond to the low levels of PMHC 
on HIV-infected primary CD4" T cells. High- 
avidity cells have been associated with greater 
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Fig. 4. Reduced degranulation of Ad5/HIV vaccinee CD8* T cells is due to low functional avidity and 
restricted cytotoxic granule polarization. (A) Half-maximal effective concentrations (ECs) of peptides 
inducing CD107a expression in HIV tetramer* CD8* T cells from LTNP/ECs (n = 12), progressors (n = 10), and 
Ad5/HIV vaccinees (n = 10) were estimated by a nonlinear model for six immunodominant responses: 
B27-KK10 (blue symbols), B57-KF11 (red symbols), AO3-RK9 (brown symbols), BO8-EI8 (black symbols), 
BO8-FL8 (magenta symbols), and AO2-SL9 (orange symbols). (B) Responses were compared across all 
dilutions for LTNP/ECs (median red line) and Ad5/HIV vaccinees (median black line) by the generalized 
estimating equations (GEE) method. Responses at each peptide dilution were compared using the Wilcoxon 
two-sample test. (©) LTNP/EC and vaccinee responses were compared by the GEE method with the following 
ones specific for CMV (n = 4), Flu (n = 4), RSV (n = 2), and SARS-CoV-2 in mRNA vaccine recipients (n = 7): 


A02-CMV 


V9 + AO2-Flu GL9 + BO7-RSV NL9 (median blue solid line) and AO2-SARS-CoV-2 YL9 (median 


solid magenta line). These data are representative of two independent experiments. (D) A representative 
micrograph shows F-actin* (magenta) cells forming conjugates between CD8” (CD4*) and CD8* (blue) 
T cells containing bright PRF (yellow) in a polarized (arrowhead) or nonpolarized (arrow) pattern. Scale bar 


10 um. (E 


Frequencies of polarized conjugates for LTNP/ECs (red symbols, n = 7) and vaccinees (black 


symbols, n = 6) in response to high (10°) or low (10° M) epitope concentrations were compared by 
the Wilcoxon two-sample test. Data were generated from a single experiment. Horizontal lines indicate 
median values. Only significant P values are designated: * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Fig. 5. Low-sensitivity TCRs A 
on CD8* T cells induced 


by Ad5/HIV vaccines aa 


account for low-avidity 
interactions. (A) Peptide- 
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expanded CD8* T cells from 
LTNP/ECs (red line, n = 6) 
and Ad5/HIV vaccinees 
(black line, n = 6) were 
restimulated with plate- 
bound anti-CD3 at multip 
dilutions, assessed for 
CD107a expression in HIV 0 
tetramer’ cells and compared : 
by the GEE method. (B) TCR 

clonal composition of HIV B 
tetramer* CD8* T cells from joo, & 3 3 
7 LTNP/ECs (10 specificities) cs 
and 8 vaccinees (8 specificities) 
shown as total number 
(range, 1 to 13) and fraction 
of each TCR clonotype in 
the epitope-specific repertoir 
abbreviated as follows: 
B27-KK10 (KK10), B57-KF11 
(KF11), B57-QW9 (QW9), 
A03-RK9 (RKY), BO8-El8 
(EI8), and AO2-SL9 (SL9). wood 
(C) After standardizing 
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clonotypic diversity was 
calculated by Simpson's 
diversity index and compared 
between LTNP/ECs (red 
circles, n = 9) and vaccinees 
(black squares, n = 7). 


(D) HIV-negative donor PBMCs transduced with single TCRs from LTNP/ECs 
[red circles, n = 8 total, seven dominant (“Dom”) clones] or vaccinees (black 
squares, n = 11 total, seven Dom clones) were analyzed for CD107a expression in 
HIV tetramer cells by flow cytometry. Solid symbols designate B27-restricted, 


antigen clearance compared to low-avidity cells 
(21, 24, 29-31). Further investigation will be 
needed to define the precise nature of the func- 
tions mediated by these low-sensitivity TCRs 
at the molecular level, which may relate to bio- 
physical properties such as the response to 
mechanical force loaded on to the TCR-pMHC 
bond (32). 

Although high-affinity TCRs are thought to 
be rapidly selected after acute infection (33), 
the situation is likely to be different for HIV. 
Maturation of the CD8* T cell response has been 
observed following vaccination of experimen- 
tal animals or humans (34-39) and during the 
interruption of treatment (19). We observed 
increases in cytotoxic capacity in some vaccin- 
ees after HIV infection. The few vaccinees who 
developed the highest degranulation and cyto- 
toxic responses in our study were recipients of 
a replication-competent, attenuated, recombi- 
nant VSV vaccine. Although not examined, it 
is possible that induction of low-avidity CD8* 
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T cells contributed to the recent failure in ef- 
ficacy trials of a replication-defective Ad26 
vector (NCT03060629). Thus, the polyclonal, 
low-avidity responses we observed may bene- 
fit from further clonal selection by additional 
vaccinations, persisting vectors, and/or vec- 
tors resulting in low pMHC ligands to prefer- 
entially select high-avidity responses. 
Identification of the measures of CD8* T cell 
function that reliably correlate with vaccine 
efficacy is a high priority for the development 
of HIV vaccines that stimulate a CD8"* T cell 
response. CD8" T cell proliferation and cyto- 
toxic protein accumulation can be added to 
T cell frequencies and IL-2, IFN-y, and TNF-o 
polyfunctionality as candidates unlikely to ac- 
curately predict vaccine-induced immune control 
(7, 40, 41). The 2- to 10-uM peptide concentra- 
tion used in most assays is in 200 to 1000-fold 
excess of the 1 to 10 nM that would mimic the 
quantity of pMHC complexes on the infected 
cell surface. Although measures of cytokine- 
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KK10-specific TCR clones. Background responses to uninfected targets were 
subtracted. These data are representative of two independent experiments. 
Horizontal lines indicate median values. Unless otherwise noted, comparisons were 
made using the Wilcoxon two-sample test. * P < 0.05; ** P < 0.01. 


producing cells have been useful for enum- 
erating HIV-specific T cells, our data suggest 
that assays which provide a more physio- 
logic CD8* T cell stimulus and measure func- 
tions more closely tied to antiviral efficacy 
should be adapted for use at the scale of clin- 
ical vaccine trials. 

Although some HIV vaccine trials have 
eroded interest in pursuing T cell-based vac- 
cines, they should not be viewed as absolute 
indicators of CD8* T cell antiviral capacity. 
Rather, it is possible that newer, more im- 
munogenic vaccines and measurements that 
more closely correlate with antiviral efficacy 
may guide approaches that can more fully 
demonstrate the antiviral efficacy of CD8* T 
cells in humans. 
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Ancient chicken remains reveal the origins of 
virulence in Marek’s disease virus 


Steven R. Fiddaman’*}, Evangelos A. Dimopoulos”*+, Ophélie Lebrasseur*®, Louis du Plessis®”, 
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Venugopal Nair'°, Greger Larson’t, Adrian L. Smith'*+, Laurent A. F. Frantz?03!*+ 


The pronounced growth in livestock populations since the 1950s has altered the epidemiological and 
evolutionary trajectory of their associated pathogens. For example, Marek’s disease virus (MDV), which 
causes lymphoid tumors in chickens, has experienced a marked increase in virulence over the past 
century. Today, MDV infections kill >90% of unvaccinated birds, and controlling it costs more than US$1 
billion annually. By sequencing MDV genomes derived from archeological chickens, we demonstrate 
that it has been circulating for at least 1000 years. We functionally tested the Meq oncogene, one of 
49 viral genes positively selected in modern strains, demonstrating that ancient MDV was likely 
incapable of driving tumor formation. Our results demonstrate the power of ancient DNA approaches to 
trace the molecular basis of virulence in economically relevant pathogens. 


arek’s disease virus (MDV) is a highly 

contagious alphaherpesvirus that causes 

a tumor-associated disease in poultry. 

At the time of its initial description in 

1907, Marek’s disease was a relatively 

mild disease with low mortality, characterized 

by nerve pathology that affected mainly older 

individuals (7). However, over the course of the 

20th century, MDV-related mortality has risen 

to >90% in unvaccinated chickens. To prevent 

this high mortality rate, the poultry industry 

spends more than US$1 billion per year on 

health intervention measures, including vac- 
cination (2). 

The increase in virulence and clinical pa- 

thology of MDV infection has likely been 


driven by a combination of factors. First, the 
growth in the global chicken population since 
the 1950s led to more viral replication, which 
increased the supply of new mutations in the 
population. In addition, the use of imperfect 
(also known as “leaky”) vaccines that prevent 
symptomatic disease but do not prevent 
transmission of the virus likely shifted selec- 
tive pressures and led to an accelerated rate 
of MDV virulence evolution (3). Combined, 
these factors have altered the evolutionary 
trajectory, resulting in modern hyperpatho- 
genic strains. To date, the earliest sequenced 
MDV genomes were sampled in the 1960s (4), 
several decades after the first reports of MDV 
causing tumors (5). As a result, the genetic 
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0 


changes that contributed to the increas Chee 
virulence of MDV infection before the 19... 
remain unknown. 


MDV has been circulating in Europe 
for at least 1000 years 


To empirically track the evolutionary change 
in MDV virulence through time, we generated 
MDV genome sequences (serotype 1) isolated 
from the skeletal remains of archeological chick- 
ens. We first shotgun sequenced 995 archeo- 
logical chicken samples excavated from more 
than 140 western Eurasian archeological sites 
and screened for MDV reads using HAYSTAC 
(6) with a herpesvirus-specific database. Sam- 
ples with any evidence of MDV reads were then 
enriched for viral DNA by using a hybridization- 
based capture approach based on RNA baits 
designed to tile the entire MDV genome (ex- 
cluding one copy of each of the terminal repeats 
and regions of low complexity). To validate the 
approach, we also captured and sequenced DNA 
from the feather of a modern Silkie chicken that 
presented MDV symptoms. As a negative control, 
we also included an ancient sample that dis- 
played no evidence of MDV reads after screen- 
ing (OL1214; Serbia, 14th to 15th century). . 

Using the capture protocol, we identified 15 
ancient chickens with MDV-specific reads of 
>25 base pairs (bp) in length. This approach also 
yielded a ~4x genome from a modern positive + 
control. We found that the majority (88 to 99%) 
of uniquely mapped reads that were gener- 
ated from ancient samples classified as MDV- 
positive were =25 bp, whereas the majority 
(53 to 100%) of uniquely mapped reads that 
were generated from samples considered MDV- 
negative were <25 bp. In addition, samples 
considered MDV-positive yielded between 308 
and 133,885 uniquely mapped reads (=25 bp), 
whereas samples considered MDV-negative (in- « 
cluding a negative control) (table S2) yielded ° 
between 0 and 211 uniquely mapped reads of 
225 bp. MDV-positive ancient samples ranged in 
depth of coverage from 0.13x to 41.92x (OL1385) 
(Fig. 1A and table $2), with seven genomes at 
>2x coverage. 

In all positive samples, the proportion of du- 
plicated reads approached 100%, which indi- 
cated that almost all of the molecules in each 
library were sequenced at least once (fig. S1). 
Reads obtained from MDV-positive ancient 
samples had chemical signatures of DNA dam- 
age typically associated with ancient DNA 
(fig. S2). By contrast, reads obtained from 
our modern positive control did not show any 
evidence of DNA damage (fig. S2). The ear- 
liest unequivocally MDV-positive sample (with 
4760 postcapture reads =25 bp) was derived 
from a 10th- to 12th-century chicken from east- 
ern France (Andlau in Fig. 1A and table S2). 
Together, these results demonstrate that MDV 
strains have been circulating in western Eur- 
asian poultry for at least 1000 years. 
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Fig. 1. Locations of MDV-positive samples and time-scaled phylogeny. 

(A) Map showing the locations of screened archeological chicken samples that 
were positive for MDV sequence. Colored circles indicate sample dates (either 
from calibrated radiocarbon dating or estimated from archeological context) 
(table S1). Average sequencing depth after capture is given in parentheses under 
sample names. If more than one sample was derived from the same site, this 
is indicated by a list of sample identifiers (beginning “OL") and sequencing 
depths in parentheses. (B) Unrooted NJ tree of 42 modern and 10 ancient 


Ancient MDV strains are basal 

to modern lineages 

To investigate the relationship between ancient 
and modern MDV strains, we built phyloge- 
netic trees based on both neighbor-joining 
(NJ) and maximum-likelihood (ML) methods. 
We first built trees using 10 ancient genomes 
with at least 1% coverage at a depth of =5x, a 
modern positive control derived from the pres- 
ent study (OL1099), and 42 modern genomes 
from public sources (table $3). Both NJ (Fig. 
1B and fig. S3) and ML trees (fig. S4) match 
the previously described general topology (7), 
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in which Eurasian and North American line- 
ages were evident, along with a well-supported 
(bootstrap 94) ancient clade (Fig. 1B). The same 
topology was also obtained when we restricted 
our ML analysis to include only transversion 
sites (fig. S5). Last, we built a tree using an 
outgroup (Meleagrid herpesvirus 1, accession 
NC_002641.1) to root our topology (fig. S6). We 
obtained a well-supported topology showing 
that the ancient MDV sequences form a highly 
supported clade that lies basal to all modern 
MDV strains (including the modern positive 
control OL1099). 
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genomes. Only the four high-coverage ancient samples used in our BEAST 
analysis were labeled in this tree (table S2). Nodes with bootstrap support of 
>90 are indicated with red dots. (€) Timescaled maximum clade credibility tree 
of ancient and modern MDV sequences by using the uncorrelated lognormally 
distributed (UCLD) relaxed clock and the general time-reversible (GTR) substitution 
model. Gray bars indicate the 95% HPD for the age of each node. The “cal” suffix 
for ancient samples indicates that samples were radiocarbon dated and that 
these date distributions were used as priors for the molecular clock analyses (24). 


Next, we built a time-calibrated phylogeny 
using BEAST [v. 1.10 (8)] that included 31 mod- 
ern genomes collected since 1968 (table S3) 
and four ancient samples with an average depth 
of coverage >5x (OL1986, Castillo de Montsoriu, 
Spain, 1593 calibrated CE; OL1385, Buda Castle, 
Hungary, 1802 calibrated CE; OL1389, an ad- 
ditional Buda Castle sample from the same 
archeological context as OL1385; and OL2272, 
Naderi Tepe, Iran, 1820 calibrated CE) (Fig. 
1A and tables S1 and S2). The time of the most 
recent common ancestor (TMRCA) of the phy- 
logeny was 1602 CE [95% highest posterior 
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Fig. 2. Branch-site selection analysis of MDV genomes. The MDV genome is 
represented as a circular structure with gross genomic architecture displayed 
on the innermost track (track V) and genomic coordinates shown on the 
outermost track (units, x10° kb; track I). Because the long terminal repeat (TRL) 
and short terminal repeat (TRS) are copies of the long internal repeat (IRL) 
and the short internal repeat (IRS), respectively, selection analysis excluded the 


density (HPD) interval, 1486 to 1767 CE] (Fig. 
1C and table S4). 

As previously reported (7), we found that 
aside from a few exceptions, most Eurasian and 
North American MDV strains formed distinct 
clades (Fig. 1B), which suggests that there has 
been little recent transatlantic exchange of the 
virus. The inclusion of time-stamped ancient 
MDV sequences improved the accuracy of the 
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NS [_]Forward| ORF 
Positively|p < 0.05 Reverse | orientation 
selected |p < 0.01 [Genomic structure 
ORFs p< 0.001, |. Pairwise divergence IRL 


track number 


molecular clock analysis and pushed back the 
TMRCA of all modern MDV sequences, from 
1922-1952 (7) to 1881 (95% HPD interval, 1822 
to 1929) (table S4). Our mean TMRCA of mod- 
ern MDV is concordant with a recent estimate 
that incorporated 26 modern MDV genomes 
from East Asian chickens [1880; 95% HPD, 
1772 to 1968 (9)]. This phylogenetic analysis 
implies that the two major modern clades of 
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TRL and the TRS regions, leaving only the unique long (UL) and unique short 
(US) regions along with the two internal repeats. Results of the positive selection 
analysis are displayed on track Il, where ORFs are shaded according to the 
strength of statistical support (corrected P values) for positive selection. Sliding 
window average pairwise divergence between ancient and modern samples is 
shown on track Ill, and ORF orientation is shown on track IV. NS, not significant. 


MDV were likely established before the ear- 
liest documented increases in MDV virulence 
in the 1920s. Furthermore, because birds in- 
fected with highly virulent MDV would not 
have survived a transatlantic crossing, a TMRCA 
of 1938 (95% HPD, 1914 to 1958) for the clade 
containing the earliest North American sample 
(CU2, 1968; accession EU499381.1) could be con- 
sistent with the virus having been transmitted 
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Fig. 3. Meq has undergone ordered loss of tetraproline repeats and 
increased transactivation ability. (A) Phylogenetic analysis of 412 Meq 
sequences of standard length (1017 bp). The outermost track shows the integrity 
of each tetraproline motif (purple squares, intact; yellow squares, disrupted). 
The mutations that disrupt the tetraproline motif are linked by dotted 

blue lines (for example, “4 PAPP” indicates that the fourth tetraproline 

motif is disrupted by a proline-to-alanine substitution in the second proline 
position; “3 PP..P” denotes a deletion of the third proline in the third 
tetraproline motif). A complete version of this figure is provided in fig. S7. 

A, alanine; H, histidine; L, leucine; P, proline; Q, glutamine; R, arginine; S, serine; 
T, threonine. (B) Proposed model for the most common ordered loss of 
tetraproline motifs in Meq. Purple and yellow boxes indicate presence and 
absence of an intact tetraproline, respectively. The gray box on the third row 
indicates that the third tetraproline is occasionally lost after the sixth, but 
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indicate that either the first or fifth tetraproline is lost at this point. (€) Positions 
of amino acid differences between the ancient Hungarian MDV strain 

(OL1385) and the two modern strains (RB1B and Md5). Positions that were 
also found to be under positive selection are highlighted in red. (D) The 
transactivation ability of Meq reconstructed from an ancient Hungarian MDV 
strain (OL1385) was compared with the transactivation abilities of modern 
strains: RB1B and Md65 (very virulent pathotypes). To show the effect of 

the partner protein c-Jun on transactivation ability, the strongest transactivator, 
RB1B, was tested with (+) and without (-) c-Jun. Transactivation ability is 
expressed as fold activation relative to baseline signal from an empty vector 
(EV). Error bars are standard deviation, and statistical significance was 
determined by using Dunnett's test for comparing several treatment groups 
with a control. *P < 0.05; **P < 0.01; ***P < 0.001. 


before the most substantial virulence increases 
leading up to the 1960s. These results are also 
consistent with the hypothesis that Eurasian 
and North American MDV lineages indepen- 
dently evolved toward increased virulence (7). 


Virulence factors are among positively 
selected genes in the modern MDV lineage 


The rapid increase in MDV virulence could po- 
tentially have been driven by gene loss or gain, 
which would have substantially altered the biol- 
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ogy of the virus (JO, 17). Analysis of a Hungarian, 
high-coverage, MDV genome (OL1385; >41x) 
from the 18th to 19th century indicated that it 
had the full complement of genes present in 
modern sequences. This indicates that there was 
no gene gain or loss in either ancient or modern 
lineage (Fig. 2). We also found that all MDV 
microRNAs, some of which are implicated in 
pathogenesis and oncogenesis in modern strains 
(12), were intact and highly conserved in ancient 
strains (table S5). Together, these results indi- 
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cate that the acquisition of virulence most likely 
resulted not from changes in MDV genome con- 
tent or organization but from point mutations. 
Considering sites at which we had coverage 
for at least two ancient genomes, we identified 
158 fixed single-nucleotide polymorphisms be- 
tween the ancient and modern samples, of 
which 31 were found in intergenic regions and 
may be candidates for future study of MDV 
regulatory regions (table S6). To assess the im- 
pact of positive selection on point mutations, 
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we performed a branch-site analysis in PAML 
(13) (ancient sequences as background lineage, 
modern sequences as foreground lineage) on 
open reading frames (ORFs) using four ancient 
MDV genomes (OL1385, OL1389, OL1986, and 
OL2272). After we controlled the false discovery 
rate using the Benjamini-Hochberg procedure 
(14), this analysis identified 49 ORFs with sig- 
nificant evidence for positive selection (Fig. 2 
and table S7). 

Several positively selected loci identified in 
this analysis have previously been associated 
with MDV virulence in modern strains. Some 
of these are known immune modulators or po- 
tential targets of a protective response. This 
includes ICP4 (infected cell protein 4), a large 
transcriptional regulatory protein involved 
in innate immune interference. ICP4 appears 
to be an important target of T cell-mediated 
immunity against MDV in chickens that have 
the B21 major histocompatibility complex 
(MHC) haplotype (5), and it is plausible that 
sequence variation in important ICP4 epi- 
topes could confer differential susceptibility 
to infection. 

We also identified signatures of positive se- 
lection in several genes that encode viral glyco- 
proteins (gC, gE, gl, gK, and gL). Glycoproteins 
are important targets for the immune response 
to MDV (i6). Most MDV peptides presented on 
chicken MHC class I are derived from just four 
proteins (17), of which two were glycoproteins 
found to be under selection in our analysis (gE 
and gl). This result indicates that glycoproteins 
are likely under selection in MDV because they 
are immune targets. The limited scope of im- 
munologically relevant MDV peptides presented 
by MHC class II may have important implica- 
tions for vaccine development. 

Positive selection was also detected in the 
viral chemokine termed viral interleukin-8 
(vIL-8) [considered a functional ortholog of 
chicken CXC ligand 13 (/8)]. vIL-8 is an im- 
portant virulence factor that recruits B cells 
for lytic replication and CD4* CD25* T cells 
that are transformed to generate lymphoid 
tumors. Viruses that lack vIL-8 are severely 
impaired in the establishment of infection and 
generation of tumors through bird-to-bird 
transmission (19), so sequence variation in this 
gene could plausibly affect transmission. 


The key oncogene of MDV has experienced 
positive selection and an ordered loss 
of tetraproline motifs 


Our selection scan also identified Meq, a tran- 
scription factor considered to be the master 
regulator of tumor formation in MDV (20). The 
Meg coding sequence had the greatest aver- 
age pairwise divergence between ancient and 
modern strains across the entirety of the MDV 
genome (Fig. 2), implying that there were nu- 
merous sequence changes along the branch 
that leads to modern samples. Animal experi- 
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ments have demonstrated that Meg is essential 
for tumor formation (20), and polymorphisms 
in this gene, even in the absence of variants 
elsewhere in the genome, are known to confer 
substantial differences in strain virulence or 
vaccine breakthrough ability (27). 

Meg exerts transcriptional control on down- 
stream gene targets (in both the host and the 
viral genome) through its C-terminal transac- 
tivation domain. This domain is characterized by 
PPPP (tetraproline) repeats spaced throughout 
the second half of the protein, and the number 
of tetraproline repeats is inversely proportional 
to the virulence of the MDV strain (22). The 
difference in the number of tetraproline repeats 
in most strains is the result of point mutations 
rather than deletion or duplication; these strains 
are considered “standard-length” Meq (339 ami- 
no acids). In some strains, however, tetrapro- 
line repeats have been duplicated (“long” Meq 
strains, 399 amino acids) or deleted (“short” 
Meg strains, 298 amino acids; or “very short” 
Meg, 247 amino acids). These mutations have 
led to varying numbers of tetraproline repeats 
between strains. 

We did not find any evidence of duplication 
or deletion in ancient Meq sequences, which 
indicates that these are standard-length Meq. 
We then identified point mutations in a data- 
base that contains four ancient Meq sequences 
(OL1385, OL1389, OL1986, and OL2272) along 
with 408 modern standard-length Meq se- 
quences (table S8). This analysis demonstrated 
that ancient Meq had six intact tetraproline 
motifs, whereas all modern standard-length 
Meq sequences had between two and five. 
All ancient Meq sequences had a distinctive 
additional intact tetraproline motif at ami- 
no acids 290 to 293. This tetraproline motif 
was disrupted by a point mutation—causing a 
change from proline to histidine—in the recent 
evolutionary history of standard length-Meq 
MDV strains. 

To further explore the virulence-related dis- 
ruption of tetraprolines in modern Meg se- 
quences, we constructed a phylogeny of Meq 
sequences (Fig. 3A). Mapping the tetraproline 
content of each sequence on the phylogeny 
indicated that tetraprolines have been lost in a 
specific order. After the universal disruption of 
the sixth tetraproline through a point mutation 
(at amino acids 290 to 293) at the base of the 
modern MDV lineage, the fourth tetraproline 
was disrupted at the base of two major lineages 
(amino acids 216 to 219). Disruption of the 
fourth tetraproline was followed in seven in- 
dependent lineages by the disruption of the 
second tetraproline (amino acids 175 to 178) 
and then by the loss of either the first (amino 
acids 152 to 155) or the fifth tetraproline (ami- 
no acids 232 to 235) in six lineages (Fig. 3, 
A and B). 

Our analysis indicated that the second and 
fourth tetraprolines (codons 176 and 217) were 
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under positive selection (table S7). Although 
there were some observations of virus lineages 
that exhibited an alternative loss order [for 
example, the occasional loss of the third tetra- 
proline (amino acids 191 to 194) after the loss 
of the fourth], such lineages are not widespread, 
which suggests that they may become stuck 
in local fitness peaks and are outcompeted 
by lineages following the order described here. 
The independent recapitulation of this pat- 
tern in different lineages suggests that loss 
of tetraproline motifs acts as a ratchet, in which 
each subsequent loss results in an increase in 
virulence, and once lost, motifs are unlikely to 
be regained. 


Ancient Meq is a weak transactivator 
that likely did not drive tumor formation 


The initial description of Marek’s disease in 
1907 did not mention tumors (J). Given the de- 
gree of sequence differentiation observed be- ° 
tween ancient and modern Meg genes, ancient 
MDV genotypes could have been incapable 
of driving lymphoid cell transformation. To 
test this hypothesis experimentally, we assessed 
whether ancient Meq had lower transactivation 
capabilities, compared with modern strains, in 
a cultured cell-based assay. 

To do so, we synthesized an ancient Meq gene 
on the basis of our highest-coverage ancient 
sample (OL1385; Buda Castle, Hungary; 1802 
calibrated CE) and experimentally tested its 
transactivation function. We also cloned “very 
virulent” modern pathotype strains (RB1B and 
Md5), which each differ from ancient Meq at 
13 to 14 amino acid positions (Fig. 3C and table 
S9). All the Meq proteins were expressed in 
cells alongside a chicken protein (c-Jun), with 
which Meg forms a heterodimer, and a luciferase 
reporter containing the Meq binding (AP-1) 
sequence. 

Relative to the baseline signal, the transac- 
tivation of the very virulent Meq strains RBIB 
and Md5 were 7.5 and 10 times greater, re- 
spectively (Fig. 3D). Consistent with previous 
reports (23), removal of the partner protein, 
c-Jun, from RB1B resulted in severe abroga- 
tion of the transactivation capability (Fig. 3D). 
Ancient Meq exhibited a ~2.5-fold increase in 
transactivation relative to the baseline but was 
substantially lower (67 to 75%) than that of Meq 
from the two very virulent pathotypes (Fig. 3D). 
The ancient Meq was thus a demonstrably 
weaker transactivator than Meq from modern 
strains of MDV. 

Given that the transcriptional regulation of 
target genes (both host and virus) by Meg is 
directly related to oncogenicity (20, 23), the 
weaker transactivation we demonstrate is likely 
associated with reduced or absent tumor for- 
mation. These data indicate that ancient MDV 
strains were unlikely to cause tumors and were 
less pathogenic than modern strains. Ancient 
MDV likely established a chronic infection 
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characterized by slower viral replication, low 
levels of viral shedding, and low clinical path- 
ology, which facilitated maximal lifetime viral 
transmission in preindustrialized, low-density 
settings. 


Conclusions 


Overall, our results demonstrate that MDV has 
been circulating in western Eurasia for at least 
the past millennium. By reconstructing and 
functionally assessing ancient and modern 
genomes, we showed that ancient MDV strains 
were likely substantially less virulent than mod- 
ern strains and that the increase in virulence 
took place over the past century. Along with 
changes in several known virulence factors, we 
identified sequence changes in the Meq gene— 
the master regulator of oncogenesis—that drove 
its enhanced ability to transactivate its target 
genes and drive tumor formation. The histor- 
ical perspective that our results provide can 
form the basis on which to rationally improve 
modern vaccines and track or even predict fu- 
ture virulence changes. Last, our results high- 
light the utility of functional paleogenomics 
to generate insights into the evolution and 
fundamental biological workings of patho- 
gen virulence. 
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Genomic analyses reveal poaching hotspots 
and illegal trade in pangolins from Africa to Asia 
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The white-bellied pangolin (Phataginus tricuspis) is the world’s most trafficked mammal and is at risk of 
extinction. Reducing the illegal wildlife trade requires an understanding of its origins. Using a genomic 


approach for tracing confiscations and analyzing 111 


samples collected from known geographic localities 


in Africa and 643 seized scales from Asia between 2012 and 2018, we found that poaching pressures 
shifted over time from West to Central Africa. Recently, Cameroon’s southern border has emerged 
as a site of intense poaching. Using data from seizures representing nearly 1 million African pangolins, 


we identified Nigeria as one important hub for traffi 


icking, where scales are amassed and transshipped 


to markets in Asia. This origin-to-destination approach offers new opportunities to disrupt the illegal 
wildlife trade and to guide anti-trafficking measures. 


verexploitation is one of the greatest 
threats to biodiversity worldwide (J). 
In particular, the illegal wildlife trade 
is accelerating the extinction of thou- 
sands of species globally (2, 3). Deter- 
mining where animals are poached is a major 
challenge in curbing this exploitation, espe- 
cially for internationally trafficked species 
such as pangolins (4-7). Pangolin scales are 
used as an ingredient in traditional medicines, 
despite no evidence of their efficacy (8). The 
largest markets for these products are in China 
(9-11). As populations of the Asian species of 
pangolins have declined, smugglers have be- 
gun importing African pangolins to meet de- 
mand (6, 12-74). Consequently, the white-bellied 
pangolin (Phataginus tricuspis), which occurs 
throughout Western and Central Africa, from 
Guinea to Zambia, is now the most trafficked 
mammal in the world (11, 15-19). 
Given the extensive geographic range of white- 
bellied pangolins and many other trafficked 
species, identifying poaching hotspots at a scale 


that is useful to law enforcement is crucial for 
conservation efforts. Without genetic data to 
reveal the true geographic origins of poached 
animals or products, seizures by law enforce- 
ment agencies offer limited information about 
their sources. For example, pangolin scales ar- 
riving in China from Nigeria may have orig- 
inated there or been amassed and transshipped 
from other countries (5, 20). Determining the 
precise origins of animals involved in the global 
wildlife trade is an urgent priority (3, 27). 
Here, we report an origin-to-destination ap- 
proach for understanding where pangolins are 
harvested, amassed, shipped, and consumed. 
First, we mapped geographically and genetical- 
ly distinct populations of white-bellied pangolin 
using 111 samples collected from wild pangolins 
at known localities across their range. We then 
used this spatially explicit genomic map to 
assign 643 confiscated scales to their previously 
unknown geographic origins (22). By sampling 
32 confiscations seized between 2012 and 2018, 
representing over 100,000 trafficked pangolins, 


0 


we mapped pangolin poaching hotspots Chee 
documented changes in poaching pressure U.-- 
time. Next, we analyzed data on pangolin traf- 
ficking incidents to connect poaching hotspots 
with common trafficking routes to markets. 
Our approach enables the monitoring of changes 
in poaching in near real-time, allowing for tar- 
geted and more effective anti-poaching measures. 


Building a spatially explicit genomic map 

for white-bellied pangolins 

We obtained 551 georeferenced samples from 
wild white-bellied pangolins. These samples 
included blood dots, muscle, and scales do- 
nated by pangolin hunters and recent tissue 
specimens from natural history collections 
(see materials and methods and data S1). To 
ensure fine-scale resolution for the map, we 
only included samples whose locality data were 
collected with a GPS unit. We excluded samples 
from urban and suburban bush meat mar- 
kets, which may have obtained their pan- 
golins through regional supply chains. 

We extracted DNA that yielded high-quality 
genome sequences from 111 samples, which were 
used to construct the white-bellied pangolin 
genomic map (Fig. 1). The analyzed genomes ‘ 
contained over 4 million single-nucleotide 
polymorphisms (SNPs). We used principal 
component analysis and ADMIXTURE (23) 
to visualize genetic variation and identify dis- «+ 
tinct genetic clusters (fig. S1). We identified five 
distinct population groups that were strongly 
associated with distinct geographic regions 
(Fig. 1). 


Genotyping confiscated scales to reveal 
poaching hotspots 


We used the genomic variation detected in wild 
populations to generate a panel of 96 diagnostic 
SNPs for assigning unknown samples to their . 
geographic origins (data $2). We tested the ¢ 
accuracy and precision of the SNP genotyping 
assay using the 111 mapped samples by first 
assigning them to distinct genetic clusters using 
the program rubias (24) and then predicting 
the geographic location of samples using OriGen 
(25). Rubias assigned 110 samples to the cor- 
rect genetic cluster (99% accuracy), and our 
assay correctly localized 87.4% of these sam- 
ples using OriGen (defined as within 500 km of 
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Fig. 1. Map of genomically identified white-bellied pangolin population clusters. (A) ADMIXTURE plot based on whole genomic data. The colored bars represent 
each sample's probability of assignment to genetically distinct population clusters. (B) Map of population clusters. Black dots indicate the 26 locations of the 
111 samples included in the construction of the map. The intensity of the color represents the interpolation model's confidence that the indicated cluster occurs in that 


location. Areas more than 500 km away from a sampled locality are striped, showing more extensive interpo 


with additional sampling (fig. S1). [Pangolin illustration by S. McCabe] 


their known origin; fig. $2). The 97 correct local- 
izations had a median error of 63.5 km (mean, 
126.0 km). Of the 14 incorrectly localized sam- 
ples, 13 were still assigned to the correct genetic 
cluster. Median error for all scale location assign- 
ments was 72.2 km; mean error was 236.1 km. 

Assignment errors were not randomly dis- 
tributed across population clusters, either in 
magnitude or in frequency (fig. S2 and tables 
S1 to $3). We achieved the best resolution in 
the population clusters where sampling was 
densest. Incorrect localizations happened in 
clusters of populations spanning large geo- 
graphic areas with fewer samples. For instance, 
the assay predicted that two individuals from 
southeastern Democratic Republic of the Congo 
(DRC) originated closer to the Central African 
Republic (fig. S2). 
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Additional sampling likely will resolve sub- 
populations within the five major population 
clusters (Fig. 1). This might also reduce the 
frequency and magnitude of misassignment 
errors, especially in the West African and Congo 
Basin clusters. Until the SNP assay is refined 
to include data from undersampled regions, 
OriGen-generated coordinates that fall within 
those ranges or plot far outside of densely sam- 
pled areas should be treated with caution (25). 

We SNP genotyped 656 confiscated white- 
bellied pangolin scales. Authorities in Hong 
Kong SAR, China, seized these scales from 32 
shipments, arriving from at least seven sep- 
arate transit routes, between 2012 and 2018 
(data S3). These seizures weighed a collective 
38 tonnes and represented an estimated mini- 
mum of 105,447 dead pangolins. We successfully 
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ation, and will likely reveal subpopulation structure 


genotyped 647 of these scales and assigned 643 
(98%) to one of five distinct pangolin genetic 
clusters with >80% posterior probability. We then 
estimated their geographic origins (fig. S3). 
Genotyping confiscated white-bellied pangolin 
scales revealed two major pangolin poaching 
hotspots. The vast majority of the 643 geno- 
typed scales originated along Cameroon’s 
southern border with Equatorial Guinea and 
Gabon, and from western Cameroon, near the 
border with Nigeria (Fig. 2 and data S4). 


Comparing genomics with data 
on pangolin seizures 


To compare genetically determined pangolin 
origins to those available from extant data 
sources, and to identify the trafficking routes 


used to smuggle scales to markets, we developed 
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a database of pangolin seizures (data S5). We 
found data on 3097 seizures of pangolins from 
January 1981 through December 2022 (fig. S4), 
at least 999 of which included African species. 
Using published scale-mass-to-individual con- 
version metrics (16, 20), we estimated that 
these seizures represented at least 986,894 
poached African pangolins. 

Network mapping of African pangolin sei- 
zures identified Nigeria as the highest-volume 
transit hub in Africa, where traffickers amass 
pangolin scales before shipping them overseas 
(Fig. 3 and fig. S5) (20, 26). Nigeria’s seizures are 
more comparable to those of non-African tran- 
sit locations, such as Hong Kong SAR, China, 
and Turkey (table S4). However, data from pub- 
lic records of illegal activity are subject to major 
biases such as law enforcement effort and media 
interest in large seizures (27). We investigated 
whether these reports could provide a reliable 
picture of where pangolins are poached. 


The seizures database rarely indicated non- 
Nigerian origins for pangolins that transited 
through Nigeria (95.1% of seized animals have 
no recorded source other than Nigeria). By con- 
trast, our genetic assay results show that only 4.2% 
of pangolins shipped from Nigeria originated 
there. Most of the pangolins in our samples that 
transited through Nigeria originated in south- 
ern Cameroon, mainland Equatorial Guinea, 
and Gabon (Fig. 3). For example, a 2018 seizure 
consisted of 7.1 tonnes of scales shipped by cargo 
container from Nigeria to Hong Kong SAR, 
China (4613/2018, data S3). However, the pan- 
golins in our sample of this seizure originated in 
Cameroon, Equatorial Guinea, Gabon, and the 
Republic of the Congo (fig. S6; data S4). 

Our results reveal the importance of using 
genetic data to understand pangolin poaching. 
Reports by law enforcement officials and anti- 
trafficking nongovernmental organizations such 
as those in the seizures database can show 


Fig. 2. Pangolin poaching hotspots. (A) Hotspots were derived from scales confiscated in Hong Kong SAR, 
China, between 2012 and 2018. Warm colors indicate areas where the bulk of scales in our sample originated, 
and warmer colors indicate an even greater density of scales originating there. Protected areas (in green) 
associated with poaching hotspots are (1) Cross River National Park, Nigeria; (2) Korup National Park, Cameroon; 
(3) Bayang Mbo Wildlife Sanctuary, (4) Deng Deng National Park, (5) Campo Ma’an National Park, (6) Dja Faunal 
Reserve, (7) Mengame Gorilla Sanctuary, (8) Ngoyla Faunal Reserve, (9) Nki National Park, (10) Boumba Bek 
National Park, and (11) Rio Campo Nature Reserve, Equatorial Guinea; (12) Monte Temelén Nature Reserve, 
(13) Piedra Bere Natural Monument, (14) Monte Alén National Park, (15) Piedra Bere Natural Monument, 

(16) Altos de Nsork National Park, and (17) Minkébé National Park, Gabon. Protected Area was defined as any 
conservation landscape falling into IUCN Protected Area Categories I-IV (UNEP-WCMC and IUCN 2022). 
(B) Location of hotspots in relation to the range of the white-bellied pangolin (in blue) (33). 
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major shipping routes (figs. S7 to S9) and guide 
the interception of shipments already in prog- 
ress, but they cannot reliably identify where 
pangolins are harvested (Fig. 3). 

Conversely, genetic assignments of scales do 
not reveal the intermediate stops that they take 
to market. Taken together, genetic analyses and 
seizure data show a major origin-to-destination 
trafficking route for white-bellied pangolins. 
Results suggest that the samples that we ana- 
lyzed were harvested in southern Cameroon, 
Equatorial Guinea, and Gabon; amassed in 
Nigeria; transported to intermediate destina- 
tions in southeast Asia, often by sea; and ul- 
timately used in southeastern provinces of 
mainland China, particularly Guangdong and 
Guangxi (Fig. 4). 


Tracking poaching over time 


Our results provide a geographically explicit 
understanding of where global trafficking net- 
works threaten white-bellied pangolins most. 
However, our study and past work suggest that 
these routes will likely change over time, and 
continuous monitoring is necessary to detect 
changes in trafficking patterns (78). 

Indeed, testing seizures confiscated over just 
7 years (2012-2018) enabled us to detect changes 
in the origins of trafficked pangolins. Early on, 
poaching activity was confined to West Africa 
before shifting to Central Africa more recently 
(Fig. 5). These changes in trafficking patterns 
could represent (i) a response to increased 
enforcement; (ii) declining pangolin popu- 
lations in West Africa; or (iii) taking advan- 
tage of new, convenient trade routes, or a 
combination thereof (7/4, 76). With over half 
a million African pangolins seized from the 
illegal wildlife trade in that time frame (fig. 
S4), unsustainable exploitation seems all but 
certain. We believe this number probably rep- 
resents a gross underestimate of the trade in 
African species, because most confiscations in 
Asia do not document species or origin infor- 
mation. Further, many shipments are never 
detected at all (6). 

Unsustainable harvest of the West African 
population of white-bellied pangolin has shifted 
pressure onto two geographically restricted 
populations (Figs. 1 and 5). Their limited range 
and high levels of exploitation make them some 
of the most threatened populations of white- 
bellied pangolins. Moreover, the threats that 
these populations face will likely increase with 
the construction of new ports, roads, and rail 
lines in the region (28-30). For example, the 
rapidly growing Kribi Deepwater Port facility 
and associated road network in southwest- 
ern Cameroon could easily provide transport 
for pangolins poached in the southern hotspot 
that we identified (Fig. 2). As a result, popu- 
lations in southern Cameroon, northern Equa- 
torial Guinea, and Gabon are at particularly 
high risk of overexploitation (30-32). 
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Fig. 3. Network model of the flow of African 
pangolins and a comparison of genetic 

and report-based data. (A) Line widths indicate 
the relative quantity of pangolins shipped along 
each route, and line colors indicate the origin 
country. Only routes with a total greater than 
10,000 pangolins and/or individual-equivalents by 
weight shipped are shown. (B) The origins of 
smuggled pangolins that transited through 
Nigeria, as indicated by traditional data from 
seizures reports and as determined using 
genomics. Percentages are also presented in 
tables S5 and S6. 


Fig. 4. An origin-to-destination map of pangolin 
trafficking. A combination of genomics (blue lines) 
and publicly reported data on pangolin seizures 
(orange) reveal major trafficking routes. This map 
focuses on pangolins that transited through Nigeria. 
White dots represent estimated pangolin origins, 
transit locations are gray, and market or consump- 
tion locations are black. Line widths reflect the 
quantity of pangolins smuggled along a route. These 
lines represent possible routes between known 
stops, not the actual paths taken by trafficked 
scales. (A) Transcontinental routes for trafficking 
African pangolins to Asia. CAR, Central African 
Republic. (B) A zoomed-in look at source localities 
for African pangolins transited through Nigeria. 

We picked a central point in Nigeria for visualization— 
most of these scales left the country via seaport. 

(C) Routes taken by African pangolins once they arrive 
in Southeast Asia. 


When wildlife traffickers encounter increased 
enforcement, they typically move their oper- 
ations (78). The genetic assay presented here 
will allow for near real-time monitoring of shifts 
in poaching hotspots. Our assay can localize 
most samples within 100 km of their geo- 
graphic origin (median error: 72.2 km across 
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all samples). This is very precise, considering 
that the white-bellied pangolin’s distribution 
covers roughly 6 million km? (33, 34). 

Large confiscations of white-bellied pango- 
lin scales often represent multiple individuals 
poached in different locations. If sampled fo- 
rensically, these seizures could give us a snap- 
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shot of poaching activity across West and 
Central Africa, complementing and extending 
data available from elephant ivory seizures 
(6, 7, 34). Given the discovery of novel severe 
acute respiratory syndrome (SARS)-related 
coronaviruses in Asian pangolin seizures (35), 
our assay could also provide spatial insights 


4 of 5 


RESEARCH | RESEARCH ARTICLE 


Sierra 
Leone 


Liberia Ghana 


Year Seized 
@2012 @2015 
@ 2013 ©2016 


© 2017 
@ 2014. a018 


Nigeria 
Central 
African 


@® & 
Q Republic 
G By 


Cameroon 


o 


Equatorial 
Guinea 


Republic 
Gabon of 


ong 


Fig. 5. Changes in pangolin poaching over time. A map of the predicted origins of 643 confiscated white- 
bellied pangolin scales. Authorities in Hong Kong SAR, China, confiscated these scales in 32 shipments originating 


from Nigeria, Cameroon, Egypt, Cote d'Ivoire, and Kenya (data S3). One scale, which originated in southeastern 
DRC and was seized in 2017, is not pictured. The precise location of the scales that were assigned to the West African 
population cluster (purple), should be treated with caution, as the SNP assay currently experiences relatively 

high rates of localization error in that cluster. Even so, given the diversity of genotypes observed in the scales from 
2012, it seems likely that there were multiple geographic sources within the West African cluster. 


into zoonotic disease risk. Compared with tra- 
ditional law enforcement investigations, 
the genetic assay reduces the time lag between 
intercepting wildlife products, tracing an in- 
ternational supply chain to its origins, and 
reactive enforcement. This approach can dy- 
namically guide preventive efforts by revealing 
poaching hotspots, representing an important 
step forward in conserving this highly traf- 
ficked species. 
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STELLAR ASTROPHYSICS 


An observed population of intermediate-mass helium 
stars that have been stripped in binaries 


M. R. Drout!2*+, Y. Gétberg”*+, B. A. Ludwig’, J. H. Groh®, S. E. de Mink**, 
A. J. 


G. O'Grady*®, N. Smith’ 


The hydrogen-rich outer layers of massive stars can be removed by interactions with a binary companion. 
Theoretical models predict that this stripping produces a population of hot helium stars of ~2 to 8 solar 
masses (M.), however, only one such system has been identified thus far. We used ultraviolet photometry 
to identify potential stripped helium stars then investigated 25 of them using optical spectroscopy. We 
identified stars with high temperatures (~60,000 to 100,000 kelvin), high surface gravities, and hydrogen- 
depleted surfaces; 16 stars also showed binary motion. These properties match expectations for stars 
with initial masses of 8 to 25 M. that were stripped by binary interaction. Their masses fall in the gap 
between subdwarf helium stars and Wolf-Rayet stars. We propose that these stars could be progenitors 


of stripped-envelope supernovae. 


pproximately 70% of massive stars [ini- 

tial masses of >8 solar masses (M5)] in- 

teract with a binary companion during 

their lifetimes (/, 2). Those binary interac- 

tions are expected to strip the hydrogen- 
rich envelopes from many massive stars, leaving 
an exposed hot and compact helium core. The 
resulting stripped stars have sufficiently long 
lifetimes to be observed and are expected to be 
numerous (3). 

Binary-stripped massive stars are expected 
to influence multiple astrophysical processes: 
They are thought to be the progenitors of most 
hydrogen-poor core-collapse supernovae (4-6). 
The neutron stars that have been observed in 
gravitational wave events are thought to have 
undergone two phases of envelope stripping 
(7). And the high surface temperatures of 
stripped stars make them potential sources of 
ionizing photons (8, 9). 

Despite their predicted ubiquity, few binary- 
stripped helium stars with masses between ~2 
and 8 Ms—which are expected to be produced 
by stars with initial masses between ~8 and 
25 M=—have been found. Many other types of 
hydrogen-deficient stars have been observed 
(0). These are classified as high-mass Wolf- 
Rayet (WR) stars (7), low-mass subdwarfs (12), 
extreme helium stars (73), and central stars 
of planetary nebulae (14), all of which have 
been found in binary systems (15-17). How- 
ever, none of those classes occupy the mass 
range that has been predicted to produce most 
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stripped-envelope supernovae or neutron star 
mergers (7). Only one hot helium star with an 
appropriate mass has been reported: the “quasi- 
WR’ star in the system HD 45166 (18, 19). 

If such systems are truly rare, models of 
binary evolution would need to be revised. 
Alternatively, there could be an observational 
bias: The optical flux from intermediate-mass 
stripped stars might be hidden by a bright 
main sequence (MS) companion star. Although 
helium star mass-loss rates are uncertain (20), 
they are predicted to exhibit weaker wind fea- 
tures than luminous WR stars, so they could 
potentially have eluded detection in previous 
surveys targeting those features (27). 


Ultraviolet photometry 


Some stripped helium star binaries might be 
detectable by excess ultraviolet (UV) emission 
in their spectral energy distributions (22). To 
assess this possibility, we calculated synthetic 
spectra for a large set of hypothetical binaries 
containing a stripped star and an MS star (20). 
We find that many of the hypothetical systems 
remain obscured by the brightness of the MS 
star, but hot intermediate-mass helium stars 
paired with MS companions of <10 Mj oc- 
cupy a specific region of UV-optical color- 
magnitude diagrams (CMDs): blueward of the 
MS at intermediate luminosities of -1 mag > 
Muyme2 > —4 mag (where Myymp is the ab- 
solute magnitude in the UVM2 ultraviolet 
filter; figs. S4 and S5). 

We searched for massive stars with UV mag- 
nitudes that fall within the CMD region pre- 
dicted by our synthetic spectra. We targeted 
stars in the Large Magellanic Cloud (LMC) and 
Small Magellanic Cloud (SMC) galaxies, be- 
cause they contain a large number of massive 
stars at known distances, with low obscura- 
tion by dust. We measured UV photometry 
using archival images from the Swift Ultra- 
violet Survey of the Magellanic Clouds (23). 
These images cover ~3 square degrees of the 
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0 


SMC and ~9 square degrees of the LM: oct 


three UV filters at a resolution of 2.5 arc!-z- 
To reduce the effects of crowding at that reso- 
lution, we used the forward modeling code 
THE Tractor (24) to perform forced point- 
spread function photometry. We adopted the 
known locations of stars in the optical Magel- 
lanic Cloud Photometric Survey (25, 26), which 
has better spatial resolution. 

This process determined UV magnitudes for 
>500,000 sources in the directions of the LMC 
and SMC (20). Figure 1 shows a UV-optical 
CMD of all the sources. We adopted distances 
of 50 and 61 kpc and visual dust extinctions Ay 
of 0.38 and 0.22 mag for the LMC and SMC, 
respectively (20). LMC and SMC extinction 
curves (27) were used to determine the corre- 
sponding dust obscuration in the UV. The 
CMD contains a dense band (which we ascribe 
to the MS) and multiple sources blueward of 
the MS, which we consider to be candidate ° 
stripped helium star binaries. 


Optical spectroscopy 


We selected 25 candidate systems for follow- 
up spectroscopy by choosing targets that have 
luminosities and colors consistent with our pre- ‘ 
dictions for binaries containing intermediate- 
mass helium stars (20) (indicated in Fig. 1). 
The stars are of similar brightness to MS stars 
with initial masses of ~6 to 15 Mj but—for the + 
adopted extinction—are located blueward of 
the zero-age MS (ZAMS) in nine distinct UV- 
optical CMDs (20). They have UV-optical colors 
similar to those of WR stars but are intrinsically 
fainter. For some systems, the observed colors 
and magnitudes approach predictions for iso- 
lated helium stars with masses between ~2 and 

8 Mo ig. 1). 

We obtained between 1 and 30 optical spectra 
for each system using the Magellan Echellette . 
spectrograph (28) on the 6.5-m Magellan Baade ° 
telescope at Las Campanas Observatory, Chile. 
All 16 systems with more than one epoch show 
radial velocity variations, consistent with being 
binary systems (table S9). 

We used kinematics to reject any likely fore- 
ground objects. All 25 systems have average 
radial velocities consistent with expectations 
for stars in the LMC and SMC (20). We com- 
bined these with proper motions (29), finding 
that 23 systems have three-dimensional mo- 
tion that is consistent with known O-type and 
B-type massive stars in the LMC and SMC (20) 
(O-type stars typically have initial masses of 
215 Mo, and B-type stars typically have initial 
masses of ~2 to 15 M;). The remaining two 
objects (stars 5 and 6 in table S9) show slight 
offsets in proper motion but have data quality 
issues in the proper motion catalog. We there- 
fore retained them in our sample. 

Figure 2A shows examples of the spectra; 
the full sample is provided in figs. S16 to S21. 
We classify the stars into three broad groups: 


lof5 


RESEARCH | RESEARCH ARTICLE 


-6 C T T T T J |= T T T T 4 
A {Large Magellanic Cloud | B ® [Small Magellanic Cloud | 
> wRStars 
« e WN3/O3 Stars 
-5b Class 1: Helium-Star Type - 
O Class 2: Composite Type 
— O Class 3: B-Star Type 
g 4) 1 
2 Mg ri 
3 |i? 
ne} 
= 7A 
AN -3b 4 
2 3 
5 
4.8 
-2+ 
3.1 @ 
ao 
Th ! 
-2.0 -1.0 0.0 1.0 0.0 


UVM2 - V [mag] 


UVM2 - V [mag] 


Fig. 1. Candidate stripped helium star binaries in UV-optical color-magnitude diagrams. Gray dots 
show absolute magnitude photometry in the UVM2 ultraviolet band as a function of the UVM2-V (where V is 
the visual band) color for stars in (A) the LMC and (B) the SMC. Numbered circles indicate the 25 stars 
we investigated further with optical spectroscopy (table S7), color coded according to their observed spectral 
morphologies (see legend). Error bars are lo. These systems have similar UV-optical colors, but lower 
brightnesses than either WR stars (dark-purple diamonds) (48, 49) or the weaker-wind WN3/03 stars (light- 


purple diamonds) (36). The connected black dots indica 
which are labeled with the current mass of the stripped 
expected position of the ZAMS for O-type (light gray) an 


corrected for dust extinction (indicated by the arrows), and all magnitudes are 


1) Class 1 (eight stars): These spectra are dom- 
inated by absorption lines of He 1. In some 
cases, lines of N 1v and/or N v are visible in 
emission or absorption. These three ions are 
characteristic of very hot stars (30). 

2) Class 2 (eight stars): These spectra show 
He 1 in absorption but also have strong ab- 
sorption lines of hydrogen in the blue part of 
the spectrum (the short-wavelength Balmer 
lines). Six of these spectra also show He 1; two 
do not, which indicates that the spectrum is 
a blend of two stars with different tempera- 
tures (20). 

3) Class 3 (nine stars): No He 1 lines are 
visible in the optical spectrum. These spectra 
are dominated by strong Balmer and He 1 ab- 
sorption lines, closely resembling those of 
B-type MS stars. 


Interpretation of the spectra 


The CMD locations and spectral morphologies 
of these 25 stars are consistent with our theo- 
retical predictions for binary systems con- 
taining hot intermediate-mass helium stars. 
Our synthetic spectra of such objects (calcu- 
lated above) show spectral features similar to 
those of WR stars, but with substantially 
weaker emission or absorption lines owing to 
their lower luminosities and mass-loss rates 
(20). In the set of helium star plus MS star 


composite spectral models, we identify the 
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e models of isolated helium-core burning stripped stars, 
star (Mstrip) (22). The thick curved line indicates the 

dd B-type (dark gray) stars. All observed data have been 
in the AB system. 


same three broad spectral classes as in our ob- 
servations. Reproducing the absorption line 
spectra of the observed sample requires mass- 
loss rates for intermediate-mass helium stars 
that are at least an order of magnitude lower 
than extrapolations of WR mass loss (20), 
which is consistent with theoretical predic- 
tions (37). 

We interpret the progression from class 3 to 
class 1 as an increasing contribution from the 
helium star to the optical flux of the system 
(20). Figure 2B compares the equivalent width 
(EW) of the He 1m (5411 line as a function of 
Hy + He 143835 [where A notation indicates 
the wavelengths in angstroms (A), Hy is the 
seventh Balmer line, and + indicates blended 
lines] for both our observed sample and the 
composite models. The He 11 15411 line arises 
from the helium star; it is not expected at the 
cooler temperatures of B-type MS stars. We 
use the Hn + He 11 43835 blend to probe the 
presence of an MS companion, because strong 
short-wavelength Balmer lines are not ex- 
pected in hot hydrogen-depleted stars [we 
have to use a blended line because our syn- 
thetic spectra show no isolated hydrogen lines 
in the optical range for these stars (20)]. In this 
parameter space, all 25 observed stars overlap 
with the predictions from the composite mod- 
els, regardless of which helium star mass-loss 
rates are adopted (20). 
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For class 3 stars, we find 30 upper limits on 
the EW of He m (5411 of <0.2 A (table S8). 
This corresponds to models where the helium 
star contributes <20% of the optical flux, and 
hence the spectra appear like those of B-type 
MS stars. Although such stars can show a UV 
excess, our models predict that they should be 
close to the ZAMS (as observed for the class 3 
stars in Fig. 1). In contrast, the class 1 stars all 
have Hn + He u 43835 EWs of <1.2 A, con- 
sistent with models for systems where a helium 
star contributes >80% of the optical flux, so 
the spectra appear like those of isolated helium 
stars. The models only produce such spectra 
when the MS companion has a mass of <3.5 Mo. 
We infer that the class 1 objects either (i) come 
from binary systems where the two stars had 
very different initial masses; or (ii) have com- 
panions that are compact objects (neutron 
stars or black holes), not MS stars. Those sys- 
tems would also have sufficiently blue colors 
to match the observations; in the CMD, they 
are close to models of isolated helium stars. 
Although dust extinction toward individual 
objects is uncertain, the location of these 
models in the CMD is similar to that of the 
class 1 objects (Fig. 1). The intermediate class 2 
stars fall close to models where the helium 
star contributes 20 to 80% of the optical flux, 
so they have composite optical spectra with 
contributions from both stars. 


Estimates of stellar properties 


To assess the nature of the hot stars in these 
systems, we considered EW diagnostics that 
distinguish the optical spectra of stripped stars 
from MS stars and estimate their surface prop- 
erties. We used the 1D nonlocal thermodynamic 
equilibrium radiative transfer code cmFcEN (32) 
to compute a set of spectral models with a 
range of effective temperatures (30 kK < Tor < 
100 kK, where kK is kilokelvin), surface grav- 
ities [4.0 < log(g/em s”) < 6.0], and surface 
hydrogen mass fractions (Xy sure = 0.01, 0.1, 
0.3, and 0.5, which are all depleted below MS 
values) (20). We choose a baseline mass-loss 
rate of 10-°M. year’ because it produces ab- 
sorption line spectra. We then tested the im- 
pact of this choice on our results by varying 
the assumed mass-loss rate by two orders of 
magnitude. These models cover a broad param- 
eter space without making assumptions about 
the detailed evolutionary state of each system. 
Figure 3 shows these models compared with 
both the class 1 stars and O- and B-type MS 
model spectra (33, 34) in three parameter 
spaces. We focused on the class 1 stars because 
we expect them to have minimal contamina- 
tion from any companion. 

To constrain the effective temperatures of 
these stars, Fig. 3A shows the EW of He 1 
15411 as a function of the EW of He 1 45876, 
which provides a temperature diagnostic due to 
variations in the the helium ionization balance 
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Fig. 2. Optical spectra with three spectral morphologies. (A) Three example observed spectra (colored 


lines) classified as class 1, 2, or 3 (see text), offset for display. Spectra of all the other stars 


in our sample 


are shown in figs. S16 to S21. The gray line shows the optical spectrum of an example WR star (WR 152 
divided by a factor of 5) for comparison (50); it has similar line transitions as the class 1 stars, but in 


emission. Vertical dotted lines indicate locations of spectral lines, which are identified by the 
used in (B). (B) EWs of He 1 45411 and Hn + He 1 43835 for all 25 stars 


Gray shaded bands indicate the lines 


abels above. 


in our spectroscopic sample (large numbered circles). T-shaped error bars indicate 1o uncertainties on 


detected lines; triangle-terminated error bars indicate 30 upper or lower limits (for absorption 


on undetected lines. For comparison, 


or emission) 


we show synthetic models of single stripped stars (black dots 


enclosed in the gray shaded region), single B-type MS stars (light-green squares), and composites of the two 
(colored dots). Model equivalent widths were calculated assuming a signal-to-noise ratio of 35, consistent with 
the median signal-to-noise of the observed stars (20). Models are colored to indicate the fraction of V-band 
flux contributed to the binary by the stripped star (color bar). Shaded and labeled boxes define the three classes 
of spectral morphology we identify; observed data points use the same colors as the shading. Star 15 does 

not exhibit He 1 45411 but does show He | 44686, so we classify it as class 2 (20). The observed sample forms a 
sequence that overlaps with the theoretical predictions for stripped helium star binaries. 


with temperature. For all but two stars, we 
find Tere > 70 KK owing to the lack of detected 
He 1; those are temperatures typical of WR 
stars, higher than the hottest O-type stars (35). 
For some objects, the detection of N 1 and/ 
or N v can provide an alternative temperature 
estimate, which ranges between ~70 to 80 kK 
and 290 kK (fig. S11) (20). 
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Figure 3B shows an equivalent plot for the 
EWs of He 113835 + Hn and He 1144860 + HB. 
This provides a rough estimate of surface 
gravity, because of the decrease in line strength 
relative to the observed pseudo-continuum 
for short-wavelength Balmer lines as they 
broaden as a result of increasing log(g). The 
observed sample is consistent with surface 
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gravities log(g) 2 5, higher than is observed 
in MS stars. 

Figure 3C shows the pure helium blend 
He1+ He 14026 as a function of the hydrogen/ 
helium blend He 1 + Hé 44100, which probe 
the hydrogen and helium surface mass frac- 
tions. The observed stars are all consistent 
with hydrogen-depleted surfaces, spanning 
the location of the model grid from Xy surt = 
0.01 (almost hydrogen-free) to Xy sure = 0.3. 
We chose these diagnostics to avoid more wind- 
sensitive spectral lines. Our tests with differ- 
ent assumptions for the mass-loss rate and 
wind velocity do not change these results (20). 

The properties we estimated for each star 
are listed in table S2. These diagnostics indicate 
that the class 1 stars are hot, compact, and 
hydrogen-poor. Figure 1 shows that their bright- 
nesses fall along a sequence, connecting WR 
stars and the slightly lower luminosity WN3/ 
O3 stars (36) to subdwarfs. Figure S13 shows 
that this sequence also appears in the strengths 
of stellar wind lines in the optical spectra. 

Figure 4 compares our derived constraints on 
Teg and log(g) with predictions for intermediate- 
mass helium stars (22). The observed stars 
have surface gravities between those of MS stars 
and white dwarfs—consistent with our expecta- 
tions for helium stars—and temperatures hotter 
than most subdwarf stars (37). Figure 4 also 
shows a set of evolutionary tracks (22). The ob- 
served stars are consistent with predictions 
for the core-helium burning phase of ~2.5 to 
8 Mz stripped stars, which have progenitors 
with initial masses of between ~9 and 25 Mo. 
These ranges are high enough for the stars to 
later undergo core collapse (38), so they will 
explode as stripped-envelope supernovae (39). 
The winds from stars with initial masses of 
<25 Mz are too weak to remove the hydrogen- 
rich envelope (40), so binary interaction is 
thought to be the primary mechanism for strip- 
ping stars in that mass range (see supplementary 
text section of the supplementary materials). 


Excluding alternative explanations 


We considered other possible interpretations 
of the stars in our sample (see supplementary 
text). Some of the class 3 stars could be ordi- 
nary (B-type) MS stars in regions with very 
little dust obscuration; in this case, they would 
appear to show a UV excess resulting from 
an overcorrection of the photometry. How- 
ever, the same is not true for the class 1 and 
class 2 stars, whose locations on the CMD (Fig. 
1) are inconsistent with massive O-type MS 
stars (the only type of MS star expected to 
have detectable He m) for any extinction values. 
The absorption-line spectral morphologies of 
the class 1 and class 2 stars are also distinct 
from those of WR stars (Fig. 2A). 

Other types of stars can reach very high tem- 
peratures and similar brightnesses, such as 
accreting white dwarfs, central stars of planetary 
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Fig. 3. Diagnostic diagrams used to estimate stellar 
properties. Each panel plots EWs of pairs of spectral 
lines (or line blends), chosen to constrain (A) effective 
temperature, (B) surface gravity, and (C) helium 
enrichment. Black data points (with 1o error bars) show 
the measured EWs for the eight class 1 stars, which 
have helium star-type spectra. Colored dots show 
predictions from a grid of model spectra, with proper- 
ties indicated by color (see legends; shaded regions 
encompass the full range for each value). Model equivalent 
widths were calculated assuming a signal-to-noise of 
100, consistent with the median signal-to-noise of the 
observed class 1 stars (20). Gray shaded regions indicate 
MS star models (20). As shown in (A), all the class 1 
stars have an effective temperature of >50 kK, so we only 
show models with Te 2 50 kK and O-type MS models 

in (B) and (C). The class 1 stars are hot, compact, 
hydrogen-poor, and do not overlap MS stars. 
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Fig. 4. Physical proper- -1.0 1 1 
ties of the eight class 1 

systems compared 0.0+ 

with other types of 

stars. Estimated effective 1.0 


temperatures and surface 
gravities of the class 1 
stars are shown as 
numbered black circles. 
Error bars and limits 
correspond to the 
properties of the models 
that the star overlaps 
with in Fig. 3 and are 
listed in table S2. 
Colored ellipses indicate 
the regions occupied by 6.0 
main-sequence stars 
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stars fusing helium in the center (the helium main-sequence, blue), subdwarfs (green), and red giants and 
supergiants (red). Black lines show evolutionary tracks for stars with ZAMS masses of 5.5, 9.0, and 18.2 Mo, 
starting on the main sequence and extending until the end of central helium burning (20). Single stars 

of these masses (dotted lines) would evolve into cool and extended red giants or red supergiants. Binary 
stars of these initial masses undergo envelope stripping by means of mass transfer (thick solid lines) 

and subsequently evolve to burn helium as hot and compact helium stars with stripped masses of 1.4, 2.7, 
and 7.1 Mg (thin solid lines). These stripped helium stars have surface properties similar to our observed sample. 


nebulae, and very young post-asymptotic giant 
branch (post-AGB) stars (70), but those types 
all have circumstellar material, which pro- 
duces emission lines or an infrared excess 
(41, 42), neither of which we observe. Young 
post-AGB stars are also expected to be very rare 
(see supplementary text). Very fast rotation 
could fully mix stars—resulting in hot and com- 
pact helium stars—but this is only expected 
at higher masses and luminosities (43). Some 
hot low-mass objects (such as evolved sub- 
dwarfs and white dwarf merger products) 
could pollute our sample, but our targeting 
of the LMC and SMC means that they would 
need to be foreground objects located in the 
halo of the Milky Way. By examining the fre- 
quency of UV excesses in a control sample, 
we predict that there are <1 foreground ob- 
jects along the line of sight to the LMC or SMC 
with colors, magnitudes, and kinematics sim- 
ilar to our spectroscopic sample (see supple- 
mentary text). 

The properties we infer for the observed stars 
differ from previously identified helium-rich stars. 
They are much hotter and more compact than 
cool helium giants, such as the star v Sgr [Tere S 
15 kK, log(g) ~ 2] (44, 45). While the mass of 
v Sgr is uncertain (46), it could be in a subse- 
quent evolutionary phase; some stripped stars 
expand substantially upon completion of core- 
helium burning (47). The surface properties 
we estimated for the class 1 stars are similar 
to those of HD 45166, but their spectra are 
distinct, with HD 45166 having a spectrum 
dominated by emission lines. This indicates 
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that the anomalously slow wind speed observed 
in HD 45166 might not be common (see sup- 
plementary text). Instead, the absorption spectra 
of stars in our sample imply low mass-loss rates, 
consistent with theoretical predictions (20). 
The properties, binary companions, and evo- 
lutionary history of the individual systems in 
our sample are likely diverse. Nevertheless, we 
conclude that they constitute a population of 
massive stars stripped through binary interac- 
tion. Because only a subset of stripped star bi- 
naries are expected to show a UV excess (20), 
the population we observe represents only a 
small fraction of the predicted intermediate- 
mass helium stars. Many other examples could 
be hidden by brighter companion stars. With 
estimated masses of ~2 to 8 Mo, the stars we 
observed fill a gap in previously identified he- 
lium stars, connecting subdwarfs with WR stars. 
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Self-sustaining personal all-day thermoregulatory 


clothing using only sunlight 


Ziyuan Wang", Yiwen Bo“t, Peijia Bai*, Shuchao Zhang", Guanghui Li’, Xiangjian Wan’, 


Yongsheng Liu’, Rujun Ma2*, Yongsheng Chen!* 


The human body must stay within a certain temperature range for comfort and safety. However, 
challenges for thermoregulatory clothing exist for harsh application scenarios, such as full day/night 
cycles, frigid polar regions, and space travel. We developed a flexible and sustainable personal 
thermoregulatory clothing system by integrating a flexible organic photovoltaic (OPV) module to directly 
acquire energy from sunlight and bidirectional electrocaloric (EC) devices. The flexible OPV-EC 
thermoregulatory clothing (OETC) can extend the human thermal comfort zone from 22°-28°C to 
12.5°-37.6°C with a fast thermoregulation rate. The low energy consumption and high efficiency of 
the EC device allows for 24 hours of controllable and dual-mode thermoregulation with 12 hours of sunlight 
energy input. This self-powered wearable thermoregulatory platform has a simple structure, compact 
design, high efficiency, and strong self-adaptability with sunlight as the sole energy source. 


lothing plays an indispensable role in 

regulating body heat for preserving the 

thermal comfort of our body in daily life 

(1). One of the most common scenarios 

is to maintain body temperature within 
a safe range in situations of fluctuating and 
sometimes rapid changes in environmental 
temperature, for instance, walking from a com- 
fortable indoor environment (~25°C) to a hot 
(>36°C) or cold (<15°C) outdoor environment. 
Without the ability to quickly adapt to such 
fast-changing environmental temperatures and 
cool down or warm up, people may become 
uncomfortable or sick and may even die (2). 
The more challenging scenarios are to keep 
our bodies in a comfortable temperature range 
(skin temperature) in harsh environments, such 
as frigid polar regions or space travel (which is 
extremely hot in sunlight but extremely cold 
in the dark). Therefore, wearable thermoreg- 
ulatory clothing, capable of keeping the hu- 
man body in a comfortable temperature range 
(skin temperature), as a spacesuit does, has 
been a long-sought but challenging goal for 
smart clothing systems. 

Indeed, many thermoregulatory systems have 
been developed, which can be broadly classi- 
fied into passive and active systems. Passive 
thermoregulatory systems include radiative ther- 
moregulatory systems (3-8), phase-change 
thermoregulatory systems (9, 10), and adsorp- 
tion thermoregulatory systems (Z/, 12). However, 
most systems powered by solar energy with 
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self-sustainability can achieve only one-way 
thermoregulation (3-5, 8). The systems that 
have bidirectional thermoregulation need to 
improve their efficiencies, response speeds and 
tunable temperature ranges (skin temperature) 
(6, 7, 13-15). 

Active thermoregulatory systems allow for 
rapid cooling or warming of the human body. 
In general, cooling vests are based on coolant 
circulation or water/ice fluidic channels that 
allow for wearable thermoregulation; however, 
these systems require large and complex me- 
chanical compressors (16, 17). Although some 
excellent solid-state active thermoregulatory 
systems have been developed and the need for 
compressors and traditional liquid or vapor 
refrigerants could be eliminated, they still bear 
some substantial limits. For example, although 
the Joule effect heater is effective in heating 
with a controlled temperature, the high power 
consumption and lack of cooling capability 
strongly limit its application (J8-20). The thermo- 
regulatory systems based on magnetocaloric 
(21, 22) and elastocaloric effects (23, 24) require 
a large magnetic field and high mechanical 
load to realize good thermal-management ef- 
fect, respectively, and thus have limited wear- 
ability. Thermoelectric (TE) thermoregulatory 
devices (25-28) based on the Peltier effect have 
found various applications. However, these de- 
vices generally exhibit low efficiency because 
of their high energy consumption. In particular, 
they all need extra energy input and cannot 
be kept working for a long period of time with- 
out additional energy. Although battery-based 
thermoregulatory systems can achieve good 
thermal-management performance in a short 
period of time, their limited energy supply can- 
not provide all-day and sustained thermoreg- 
ulation for the human body (25, 27). 

Therefore, developing an all-day, self-powered, 
bidirectional thermoregulatory clothing sys- 
tem capable of rapidly responding to various 
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changes and keeping the human body in a 
fortable temperature zone remains a challenging 
goal (29). The systems must harvest energy to 
achieve all-day thermoregulation. One of the more 
obvious sources of sustainable energy source is 
sunlight, which can be collected anywhere in 
open space. Indeed, solar cells, including an or- 
ganic photovoltaic (OPV) cell, have evolved sub- 
stantially (30), and the state-of-the-art OPV cell 
with a size of 4 mm? has a power conversion 
efficiency (PCE) of >20% (37). Simultaneously, 
flexible and high-performance OPV cells with 
PCEs >17% (32) have been demonstrated, which 
can be integrated into clothing to collect solar 
energy (33, 34). 

To achieve the required sustainability and 
flexibility as well as light weight, the thermal- 
management unit for the body must be highly 


efficient in transferring energy and have a low 


energy consumption. Therefore, we selected 
recently developed electrocaloric (EC) devices, 
which have high efficiency, low energy con- 
sumption, and bidirectional thermoregulatory 
properties and are pollution free (35-38). For 
example, one flexible EC thermoregulatory de- 
vice has a very low energy cost, could reach a 
coefficient of performance of 13, and has a 
specific cooling power of 2.8 W/g (35). 

We choose a flexible OPV module powered 
by sunlight and a high-efficiency heat transfer 
EC device as the two main units to fabricate a 
self-sustained thermoregulatory clothing sys- 
tem. We aim to power it only by solar energy 
with the capability of all-day (24 hours) cycling 
between hot/light and cold/dark environments. 
Our flexible OPV-EC thermoregulatory cloth- 
ing (OETC) system exhibits highly efficient and 
fast performance in both cooling and warming 
modes as needed. Moreover, it can extend the 
thermal comfort zone by 19.1 K (from 6.0 to 
25.1 K) and reach intelligent and controllable 
all-day dual-mode thermoregulation for the hu- 
man body as needed. With the combination 
of these features, the human body wearing our 
OETC system can quickly adapt, as needed, to 
the changes of environmental temperature dur- 
ing outdoor activities and even possibly in such 
as harsh environments as polar regions or per- 
sonal space travel. 


Results and discussion 


We fabricated a large flexible OPV module 
(39, 40) with a thickness of only 180 um for the 
sunlight energy-collecting unit in our OETC 
system (47). The entire flexible OPV module with 
an effective area of 25.2 cm? could provide a total 
voltage of 5.75 V and PCE of 11.85% under stan- 
dard air mass L5 global (AM 1.5G, 100 mW/cm?) 
(figs. S1 to S3 and table S1). 

For the thermoregulatory unit in our OETC, we 
selected poly(vinylidene fluoride-trifluoroethylene- 
chlorofluoroethylene) [P(VDF-TrFE-CFE)], main- 
ly because of its large entropy change, large 
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adiabatic temperature change near room tem- 
perature, and good mechanical flexibility (42). 
The EC system based on P(VDF-TrFE-CFE) has 
substantial potential for efficient thermoreg- 
ulation (35, 36, 43). We fabricated a flexible EC 
thermoregulatory device following Ma et al. 
(35, 44) (fig. S4). Noticeably, our flexible EC de- 
vice exhibits the same thermal-management 
performance as the rigid one (figs. S5 and S6). 

With these two flexible units ready, we in- 
tegrated them together for the OETC system 
(fig. S7). In sunlight, the OPV module efficient- 
ly converts solar energy into electrical ener- 
gy to drive the EC device directly to provide a 
cooling effect (Fig. 1). The excess energy can 
be stored in a simple attached energy stor- 
age system (ESS) (fig. S8) because of the low 
energy consumption of the EC device, as dis- 
cussed below. The power provided by the OPV 
is sufficient to power the entire OETC system 
(see fig. S8 for details). Therefore, in the dark, 
our OETC system can use the stored energy 
provided by the ESS to maintain body tem- 
perature when the environment is cold and 
thus achieve a full day (day/night) of operation. 
The cooling mode and warming mode can be 
switched as desired at any time to achieve 
individual thermal comfort. 


Working mechanism of the OETC system 
in cooling/warming mode 


We show a photograph of the flexible OETC 
thermoregulation system assembled by one 
OPV module and two EC units (Fig. 2A). This 
compact assembly mode can provide effective 
cooling/warming for the human body as needed. 
The working mechanism of the OETC system 
for the cooling mode (Fig. 2B) is the same as 
that powered by the electric supply (37), but in 
our system, we power it directly by the electricity 
generated by the OPV module (see fig. S9 for 
details). The cooling mode includes the fol- 
lowing steps (35): (i) electrostatic actuation of 
the EC polymer stack toward the top flexible 
heat transfer layer (as a heat sink with large 
heat capacity) (fig. S10); (ii) the EC polymer 
stack is heated up by applying an electric field 
on the EC polymer stack, and thus, heat trans- 
fers from the EC polymer stack to the flexible 
heat transfer layer [Fig. 2B, (1)]; (ii) electrostatic 
actuation of the EC polymer stack toward the 
bottom human skin (as a heat source); (iv) the 
EC polymer stack is cooled down by removing 
the electric field, and thus, heat transfers from 
the human skin to the EC polymer stack to 
realize one cycle of skin cooling [Fig. 2B, (2)]. 
For the warming mode, warming is achieved 
by changing the heat transfer to the opposite 
direction by changing the sequence of the 
four steps described above, which is realized 
by simply adjusting the phase of square-wave 
voltage. Correspondingly, the warming mode 
has similar steps to the cooling mode but with 
the opposite heat transfer effect: (i) electrostatic 
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actuation of the EC polymer stack toward the 
bottom human skin that needs to be warmed 
up; (ii) the EC polymer stack is heated up by 
applying an electric field on the EC polymer 
stack, and thus, heat transfers from the EC 
polymer stack to the human skin (as a heat 
sink) [Fig. 2B, (3)]; (iii) electrostatic actua- 
tion of the EC polymer stack toward the top 
flexible heat transfer layer (as a heat source); 
(iv) the EC polymer stack is cooled down by 
removing the electric field, and thus, heat trans- 
fers from the flexible heat transfer layer to the 
EC polymer stack to finish one cycle of skin 
warming [Fig. 2B, (4)]. With these two work- 
ing modes, bidirectional controllable thermo- 
regulation for cooling and warming can be 
implemented as needed. 

Electrostatic actuation is a simple and fast 
method to control the heat transport speed by 
adjusting the working frequency of the EC de- 
vice (35-37, 43). We compared the temperature 
span of the OETC system at different frequencies 
under the standard AM 1.5G (100 mW/cm”) by a 
solar simulator (fig. S11). Although the OETC 
system can operate at higher frequencies, the 
frequency of the OETC system that gives a 
maximum temperature span of 2.9 K is 0.75 Hz 
(one complete cycle takes ~1.33 s), in part be- 
cause of the time needed to transfer the heat 
from EC stack to human skin and flexible heat 
transfer layer. 


Temperature span of the OETC system 
in different working scenarios 


The temperature span of our OETC thermo- 
regulation can also be easily adjusted by the 
illumination intensity. With the increase of il- 
lumination intensity, the flexible OPV module 
can reach higher voltage (power), and thus, 
the input voltage of the EC device increases 
(fig. S12), which results in a higher thermo- 
regulatory performance of the OETC system. 


O 
—- & 
¢ C In sunlight 
(Hot) 


We measured the temperature difference (AT, 
difference between real-time temperature and 
initial temperature) of the OETC system under 
different illumination intensities of 55 (fig. S13), 
70, and 100 mW/cm? irradiation using a solar 
simulator at a frequency of 0.75 Hz (Fig. 2C). The 
OETC system works well at different illumination 
intensities, and the maximum temperature span 
can reach 2.9 K when the illumination inten- 
sity is standard AM 1.5G sunlight (100 mW/cm”). 
Furthermore, the outdoor thermoregulation 
performance of our OETC system was also dem- 
onstrated by direct solar radiation under clear 
sky conditions from 9:00 to 16:00 in Tianjin, 
China (3 August 2022) (fig. S14). Although the 
intensity of outdoor sunlight varies consider- 
ably with time, our OETC system still shows 
good and stable thermal-management ability 
at different illumination intensities. When the 
outdoor sunlight intensity is the same as the 
simulated illumination intensity, the OETC sys- 
tem exhibits almost the same thermal manage- 
ment (Fig. 2C and fig. S14B). The whole process 
runs without external energy sources and re- 
alizes self-powered thermoregulation with zero 
energy consumption. 

Although an outside electric supply was pre- ‘ 
viously required to power the EC device to achieve 
the effective thermal management reported in 
the literature (35-37, 43), we demonstrated that 
the EC device can instead be powered directly + 
on site by an integrated flexible OPV module. 
The integrated device shows the same outstand- 
ing performance, including the same temper- 
ature difference (AT) at the same electric field 
(Fig. 2D). 


Excellent sustainable performance of the 
OETC system 


We compared the thermoregulatory perform- 
ance of the commercial rigid TE device of . 
the same size as the EC device powered bya ‘ 


== 42 In dark 
(Cold) 


_ 


} age system 


Voltage control system 


Thermoregulation as deniantied to achieve individual thermal comfort 


— 


—= 


Fig. 1. Working schema when wearing our flexible OETC to achieve individual thermal comfort in a 
cycle between hot (in sunlight) and cold (in dark) environments as demanded. 
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flexible OPV module under an illumination in- 
tensity of 100 mW/cm? (Fig. 2E and fig. S15). 
The temperature span (Fig. 2E) and heat flux 
(figs. SI5C and S16) of our OETC system are 
2.9 K and 28.76 mW/cm”, respectively, whereas 
the OPV-TE system shows only the temperature 
span of 1.2 K (Fig. 2E and fig. SI5B) and heat flux 
of 16.79 mW/cm? (fig. S15C), respectively, under 
the same illumination intensity of 100 mW/cm”. 
In addition, we also compared the thermoreg- 
ulatory performance of the perovskite photo- 
voltaic module with a similar size to that of the 
EC device powered by an OPV module under 
the illumination intensity of 100 mW/cm7? (fig. 
S17). Compared with the thermal-management 
performance of the EC device powered by OPV 
module in Fig. 2C, the EC device powered by 
the perovskite solar module (fig. S17) displayed 
almost same results. Meanwhile, we calculated 
the power consumption of the EC device un- 
der different illumination intensities (fig. S18). 
Under the illumination intensity of 100 mW/cm?, 
the average power consumption of the EC de- 
vice is only 1.91 mW/cm? at 0.75 Hz because of 
its low energy consumption. Considering that 
the PCE of our OPV module (with an active 
area of 25.2 cm”) is 11.85% under standard AM 
1.5G (100 mW/cm”) and the energy consump- 
tion of the EC device (with an active area of 
8 cm?) is only 15.28 mW (1.91 mW/cm? x 8 cm? = 
15.28 mW), a simple estimate indicates that 
the total generated electricity is 298.58 mW 
(100 mW/cm? x 11.85% x 25.2 cm? = 298.58 mW). 
Thus, we benefit from the low energy consump- 
tion (15.28 mW) of the EC device, with 283.30 mW 
(298.58 mW - 15.28 mW = 283.30 mW) of sur- 
plus energy that could be stored under ideal 
conditions (figs. S8 and $19). The surplus en- 
ergy stored in the ESS could be automati- 
cally switched to power the entire system at 
night with no extra energy input to realize a 
full day/night thermoregulatory cycle (fig. S20). 
Moreover, it is worthwhile to note that energy 
recovery is also possible during the depolar- 
ization process of the EC effect (43), which 
thus further improves the efficiency of our 
OETC system. 


Performance of an OPV-EC array 


The EC devices have good array cooperativity, 
and one single OPV module with an active area 
of 25.2 cm” has sufficient power to simulta- 
neously drive two parallel arrays of EC devices 
with an active area of 16 cm?. For example, 
under standard AM 1.5G (100 mW/cm”), the 
two EC parallel devices could be synchronized 
completely, and both could reach a temper- 
ature span of 2.9 K, which demonstrates their 
bidirectional thermoregulatory performance 
(Fig. 2F). To further extend its application in 
wearable thermoregulation, we evaluated the 
performance of four parallel EC arrays driven 
by one OPV module under an illumination in- 
tensity of 100 mW/cm? (fig. $21). Four parallel 
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Fig. 2. Performance of the flexible OETC system. (A) Photograph of an OETC system assembled by an OPV 


EC arrays can simultaneously achieve bidirec- 
tional controllable thermoregulation (movie 
S1). This indicates that our OETC system has 
good scalability required for the practical wear- 
able thermoregulation. 


Thermoregulatory performance of OETC 
on the human body 


To demonstrate the wearability of the OETC 
for meeting the flexible needs of human body 
thermoregulation, we measured the stability of 
OETC cooling and warming mode performance 
in the bending state (Fig. 3A and fig. $22). 
During the bending measurement, the system 
is illuminated with a 100 mW/cm? light at the 
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module and two EC units. (B) Working mechanism of the OETC system in cooling/warming mode, respectively. 
The cooling/warming mode can be easily switched by the control unit when moving from a thermal comfort 
environment into a hot/cold environment. Res, the relay for controlling the electrostatic actuation. (C) Temperature 
span of the OETC system under different illumination intensities (70 and 100 mW/cm?) in cooling/warming mode at 
0.75 Hz. (D) Comparison of AT of the EC thermoregulation device driven by OPV module and electric supply 
under different electric fields. (E) Comparison of temperature span of EC and TE thermoregulation 

devices with the same size (active area of 8 cm) driven by the same OPV module under an illumination 
intensity of 100 mW/cm*. (F) Temperature span of two EC parallel array devices (active area of 16 cm?) driven 
simultaneously by one OPV module (active area of 25.2 cm?) under an illumination intensity of 100 mW/cm?. 


bottom, and the surface temperature is mea- 
sured by an infrared camera at the top (movie 
$2). Our OETC reaches its maximum and stable 
thermoregulation performance when it starts 
to operate at 0.75 Hz for 10 s. The initial state of 
the OETC is flat, and the radius of curvature 
(k) of OETC is 0 m*. Then, the OETC system is 
bent at a uniform rate of 0.12 ms’ to reach a 
maximum curvature of 3.6m“, followed by the 
same rate of bending release until the curvature 
of the OETC returns to 0 m™. During the op- 
eration, we observed negligible change in its 
thermoregulatory performance in the flat, bent, 
and released states of the OETC, which dem- 
onstrates excellent flexibility. 
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We further applied the flexible OETC to hu- 
man skin for thermoregulation. We show the 
experimental setup of the flexible OETC ther- 
mal measurement on the human skin (Fig. 3B) 
and the thermoregulation of a human hand in 
OETC cooling mode (Fig. 3C). We monitored the 
whole process with an infrared camera detector 
under an illumination intensity of 100 mW/cm? 
at an environmental temperature of 26°C. Our 
OETC cooled the human skin from 36.8° to 31.7°C 
at an average rate of 6.1°C/min to achieve fast 
thermoregulation (Fig. 3C). 

The human body must remain within a cer- 
tain temperature range (skin temperature) 
for a comfortable and safe existence, but this 
range varies individually (45-47). We set a 
comfort range on the basis of observed hu- 
man skin temperatures between 32° and 36°C 


: 20 22.0 
OETC cooling mode at 
high environmental tem- 
perature and warming 40 12.5 
mode at low temperature Bare skin OETC 
under standard AM 1.5G Dual mode on 
human skin 


between 12.5° and 37.6°C. 


ion performance. 
man skin with OETC 


ature range between 22° and 28°C (thus, the 
thermal comfort zone of bare human skin is 
6.0 K in our measurement) (Fig. 3D). 

We measured the thermoregulation per- 
formance on human skin directly, with the 
human hand temperature starting at 34.0°C 
and a corresponding environmental tempera- 
ture of 25.0°C (the middle point of the comfort 
zone). Under standard AM 1.5G (100 mW/cm?), 
when moving the skin into a low-temperature 
environment (12.5°C), the skin temperature 
drops to 29.2°C and the OETC warming mode 
starts working, which raises the skin temper- 
ature up to the thermal comfort temperature 
of 32.0°C (Fig. 3D). Correspondingly, when 
moving the skin into a higher-temperature 
environment of 37.6°C, the skin tempera- 
ture rises to 38.3°C. The OETC cooling mode 


(46), which requires an environmental temper- 
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turns on, which brings the skin temperature 
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down to the thermal comfort temperature 
of 36.0°C. 

As a result, our OETC maintains human skin 
temperature within a thermal comfort zone 
between 32.0°C and 36.0°C, even though the 
environmental temperature varies between 
12.5° and 37.6°C. Compared with bare human 
skin (thermal comfort zone of 6 K), our OETC 
extends the thermal comfort zone of the skin 
by 19.1 K (Fig. 3E) for this module size and 
illumination intensity. In addition, skin can be 
warmed at a maximum rate of 15.6°C/min or 
cooled at a maximum rate of 14.0°C/min in 
the first 5 s to achieve fast thermoregulation. 
When the illumination intensity is lower than 
100 mW/cm? (75 or 90 mW/cm?), our OETC 
system still has bidirectional thermoregula- 
tion performance. Under an illumination in- 
tensity of 90 mW/cm?, the OETC warming 
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Fig. 4. The thermoregulation 
performance of OETC compared 
with cotton clothing and pros- 
pect of personal space travel. 

(A) Temperature changes of bare 
artificial skin, skin wearing cotton 
clothing, and skin wearing OETC in 
the sunlight of 100 mW/cm*? at a 
26°C environment temperature 
and in the dark at a 0°C environment 
temperature, respectively. The 
initial temperature of the artificial 
skin is 34°C, and the temperature 0 
is measured by thermocouples. 
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(B) Photograph of the OETC worn on the human body for the prospect of personal space travel. 


mode can raise the skin temperature from 29.4° 
to 31.3°C, whereas the OETC cooling mode 
could lower the skin temperature from 38.3° 
to 36.5°C. These temperatures fall only slightly 
outside the thermal comfort zone. When the 
illumination intensity is 75 mW/cm”, the OETC 
system still can bidirectionally thermoregulate 
the skin from 29.4° to 30.8°C in warming mode 
and from 38.3° to 37.2°C in cooling mode. Fur- 
thermore, we also evaluate the thermoreg- 
ulation performance of OETC on artificial skin 
at 100 mW/cm? under different environmen- 
tal temperatures (fig. S23). The thermal com- 
fort zone of bare artificial skin is from 23° to 
27°C (4.0 K) (46); OETC extends the thermal 
comfort zone of the artificial skin by 16.6 K 
(fig. S23A). Although OETC cannot restore 
the temperature of artificial skin to the ther- 
mal comfort zone in a harsher environment, 
it still has good thermoregulation performance 
(fig. S23B). Improvements in the thermal com- 
fort zone can be made with performance or 
efficiency improvements in the OPV or EC 
units. Alternatively, the relative ratios and 
sizes of the OPV and EC units could be further 
optimized. 

We summarize the net heat transport capac- 
ity, thermal comfort zone expansion, skin cool- 
ing rate, bidirectional thermoregulation, and 
self-adaptability of our OETC compared with 
related representative works reported in the 
literature (Fig. 3F) (, 4, 5, 45, 46). By bene- 
fiting from the efficient net heat transport 
capacity of 27.89 mW/cm? (fig. S16), our OETC 
can extend the human thermal comfort zone by 
19.1 K. Moreover, the OETC system can effec- 
tively cool the human skin at an average rate 
of 6.1°C/min to achieve fast thermoregulation. 
By benefiting from the low energy consump- 
tion of the EC device, the OETC system could 
operate a full 24 hours with 12 hours of sun- 
light energy input (fig. S18). Thus, the combined 
characteristics of our personal thermoreg- 
ution system, such as controllable, all-day 
dual mode and notable thermoregulation per- 
formance, could make it possible for indi- 
viduals to stay more comfortable in harsh 
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environments while using only sunlight as 
the energy source. 


Thermoregulation performance of OETC in the 
outdoors and the prospect for use in space 


We measured and compared the temperature 
changes of bare artificial skin, skin covered with 
cotton clothing, and skin covered with an OETC 
(Fig. 4.4) in sunlight of 100 mW/cm” at 26.0°C 
environmental temperature and in the dark at 
0°C environmental temperature, respectively. 
Under an illumination intensity of standard AM 
1.5G (100 mW/cm”) at 26.0°C environmental tem- 
perature, the temperature of bare skin and skin 
covered with cotton clothing can be raised from 
34.0°C up to 50.9° and 48.4°C, respectively. Never- 
theless, the temperature of the artificial skin cov- 
ered with an OETC is only 40.8°C. The maximum 
cooling capacity reaches 10.1 K (calculated by the 
temperature difference between bare artificial 
skin and artificial skin covered with an OETC in 
cooling mode after 570 s exposed to an illumi- 
nation intensity of 100 mW/cm? in a 26.0°C en- 
vironmental temperature), which demonstrates 
the cooling power of OETC. In addition, OETC 
can be driven to warm the skin by using the ESS 
in cold night at a 0°C environmental temperature. 
The warming performance of artificial skin cov- 
ered with an OETC compared with artificial skin 
is 3.2 K (calculated by the temperature difference 
between bare artificial skin and artificial skin 
covered with an OETC in warming mode after 
570 s exposed to the 0°C environmental temper- 
ature) higher than those of skin covered with 
cotton clothing and bare skin, which demonstrates 
the excellent warming capacity of OETC. 

The bidirectional thermoregulation that uses 
solar power could make this device of interest 
for integrating into a conventional spacesuit to 
help reduce the overall power requirements (Fig. 
4B). During individual space travel, the theoret- 
ical area of a spacesuit is around 1.85 m? (48). In 
space, the magnitude of the solar radiation pres- 
sure depends on the solar flux near the surface 
of Earth, and a solar constant of 136.7 mW/cm” 
is normally used to calculate the solar flux in 
1 astronomical unit (49). With continued im- 
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AT warming@3:19 K 


provements in solar cell performance, includ- 
ing that of the flexible OPV module, if we assume 
that a 45% PCE solar cell device is used, we es- 
timate that an OPV module to provide all-day : 
human body thermoregulation will have an 
area of only 1.12 m? (50). We believe that this 
OETC system could be optimized in the future 
in terms of both performance and practicabil- 
ity for application in harsher environments. 
The temperature span of the EC device can be 
increased to improve the thermoregulation per- 
formance of our OETC system. First, for the 
material side, the double bond-modified P(VDF- 
TrFE-CFE) materials could provide a larger tem- 
perature change of 7.8 K at 118 MV/m (37). Sec- 
ond, the device could be optimized by using a 
cascade device to increase the temperature span 
of 4.8 K (double-deck) and 8.7 K (four-layer cas- 
cade) (38, 45). Lastly, by adding nanofillers to 
improve the thermal conductivity of P)VDF-TrFE- 
CFE) (52) or by using an active EC regenerator to 
further increase the temperature span (52, 53), 
the EC performance can be further improved. 
Clearly, further studies are needed to develop 
a practical product based on the prototype and 
concept demonstrated in this work. 


Conclusions 


We developed an advanced self-powered wear- 
able thermoregulatory system that integrates 
flexible OPV module and EC thermoregula- 
tion units together for efficient personalized 
thermoregulation. Its active control feature 
can be used for fast cooling/warming dual- 
mode thermoregulation as needed by the hu- 
man body. Moreover, the thermal comfort zone 
can be extended from 6.0 to 25.1 K by OETC 
with rapid thermoregulation, which can en- 
sure the safety and comfort of the human body 
in various complex and unstable environments. 
By benefiting from the low energy consump- 
tion of the EC device, OETC can achieve con- 
trollable and all-day dual-mode thermoregulation. 
Together with its other outstanding features 
such as simple and compact structure, high ef- 
ficiency, and strong self-adaptability, with more 
optimization, we believe that the OETC could 
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demonstrate potential applications in the field 
of high-end thermoregulation and even extend 
human survivability in harsh environments such 
as polar regions and individual space walking. 
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MACHINE LEARNING 


Backpropagation-free training of deep physical 


neural networks 


Ali Momeni?, Babak Rahmani2, Matthieu Malléjac’, Philipp del Hougne®, Romain Fleury** 


Recent successes in deep learning for vision and natural language processing are attributed to 

larger models but come with energy consumption and scalability issues. Current training of 

digital deep-learning models primarily relies on backpropagation that is unsuitable for physical 
implementation. In this work, we propose a simple deep neural network architecture augmented 

by a physical local learning (PhyLL) algorithm, which enables supervised and unsupervised training 
of deep physical neural networks without detailed knowledge of the nonlinear physical layer’s 
properties. We trained diverse wave-based physical neural networks in vowel and image classification 
experiments, showcasing the universality of our approach. Our method shows advantages over 

other hardware-aware training schemes by improving training speed, enhancing robustness, and 
reducing power consumption by eliminating the need for system modeling and thus decreasing 


digital computation. 


eep learning has emerged as a break- 

through technology with outstanding 

success (J, 2) that primarily operates on 

traditional von Neumann computing 

hardware. This technology is currently 
facing high energy consumption, such as the 
1.3-gigawatt-hour (GWh) electricity usage of 
GPT-3 (3), and low computing speed (4). Be- 
cause of these challenges, researchers are 
exploring alternative physical platforms for 
artificial neural networks (ANNs), including 
optics (5-9), spintronics, (JO, 77), nanoelectronic 
devices (12-15), photonic hardware (5), and 
acoustic systems (16, 17). 

Two primary methods currently dominate 
neural network hardware design. The first in- 
volves designing hardware to implement trained 
mathematical transformations through strict 
operation-by-operation mathematical iso- 
morphism, primarily targeting the inference 
phase of deep learning (18-21). The second 
category, deep physical neural networks (PNNs), 
focuses on training the hardware’s physical 
transformations directly to perform the de- 
sired computations. PNNs hold the promise 
of more scalable, energy-efficient, and faster 
neural network hardware by exploiting phys- 
ical transformations and eliminating the 
conventional software-hardware separation 
(22, 23). 

So far, the training of PNNs has predom- 
inantly relied on backpropagation (BP) (24). 
Yet, there are several reasons why BP is nota 
suitable choice for PNNs, one of which is the 
complexity and lack of scalability in the phys- 
ical implementations of BP operations in the 
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hardware (25-28). Commonly, PNN proposals 
use in silico training, performing BP calcu- 
lations on an external computer with a digital 
twin of the physical system. However, this meth- 
od may result in potential simulation-reality 
gaps as a result of inaccurate representation of 
the physical system (6-8, 10, 13, 14, 20, 29, 30). 
Moreover, physics-aware training methods based 
on BP (PA-BP) (22) offer improvements over 
traditional in silico methods but still neces- 
sitate a differentiable digital model for the 
backward pass. Additionally, PA-BP-trained 
PNNs may face challenges when subjected to 
strong perturbations, potentially rendering fine- 
tuned models unusable and necessitating re- 
training from scratch. 

Another important drawback of BP is its re- 
liance on having complete knowledge of the 
computation graph carried out during the 
forward pass to accurately compute deriva- 
tives (23, 31-34). When a black box is inserted 
in the forward pass, BP becomes infeasible. 
Therefore, alternative training methods for 
PNNs have proved advantageous. For exam- 
ple, an approach explored for training physical 
networks is the augmented direct feedback 
alignment (DFA) method (23), which aims to 
avoid the need for a differentiable digital mod- 
el. However, this method is only compatible 
with certain physical networks, where it is 
possible to separate the nonlinear and linear 
layers. 

Local learning has been extensively studied 
for training digital neural networks, from 
early work on Hebbian contrastive learning in 
Hopfield models (35) to recent biologically 
plausible frameworks (3/7, 34, 36, 37), block- 
wise BP (38, 39), and contrastive representa- 
tion learning (40, 41). Inspired by this concept 
and to address the limitations of BP-based PNN 
training, we proposed a simple and physics- 
compatible PNN architecture augmented by 
a physical local learning (PhyLL) algorithm. 
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x. 
The proposed method enables supervised ene 
unsupervised contrastive learning trainir.,~-— 
arbitrary PNNs locally without the need to 
know the nonlinear physical layers and train a 
digital twin model. In this BP-free method, the 
standard backward pass, typically performed 
by a digital computer, is replaced with an ad- 
ditional single forward pass through a physical 
system. This substitution can improve training 
speed, power consumption, and memory usage 
during the training phase of wave-based PNNs 
by eliminating the extra overhead incurred 
because of the digital twin modeling phase 
present in other hardware-aware frameworks. 
We showed the robustness and adaptability of 
the proposed method, even in systems ex- 
posed to unpredictable external perturbations. 
To showcase the universality of our approach, 
we performed experimental vowel and image 
classification using three wave-based systems 
that differ in terms of the underlying wave 
phenomenon and the type of nonlinearity in- 
volved (a detailed description of each system 
can be found in the supplementary text, sec- 
tions 2.3 to 2.5). 


PhyLL ( 


Figure 1A shows a simple and physics-compatible 
deep PNN including N nonlinear physical 
data transformers augmented by trainable 
linear multiplications. Each nonlinear phys- + 
ical data transformer performs a nonlinear 
mapping between the input and output fol- 
lowed by an augmented trainable linear multi- 
plication to classify distinct classes through 

a local training algorithm. The output of each 
layer is then passed to the next layer. The sub- 
sequent layer then carries out the same pro- 
cess hierarchically on the output of the previous 
layer. The proposed architecture shares some 
similarities with conventional deep reservoir 
computing systems (42); see supplementary ° 
text, section 2.9, for further details on their 
differences. 

The training algorithm is inspired by the 
recently proposed forward-forward algorithm 
(31) and local training proposals (38-41) in 
digital neural networks, which has been ex- 
tended and adapted to the supervised and un- 
supervised model-free physical learning of PNNs. 
Each nonlinear physical system performs a non- 
linear transformation on input data (Fig. 1), 


which can be expressed ash = fo [ms a] , 


where xv, wi”, and fo correspond to the 
physical inputs (e.g., optical intensity, electric 
voltage, and vibration), the physical intercon- 
nections (e.g., optical, electrical, or mechan- 
ical coupling) in the physical system, and the 
physical nonlinearity (e.g., nonlinear opti- 
cal, magnetic, or mechanical effects) in layer 
1, respectively. 

Here, wi? and fe denote the mixing oper- 
ation and nonlinear kernel of the /-th physical 
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systems, respectively (supplementary text, sec- 
tions 2.6 and 2.7). The output of layer / can be 
expressed as the multiplication of 2 by the 
augmented trainable weight matrix Wie, 
y® = Wn. Such trainable matrix multi- 
plications can be performed either digitally or 
through physical systems, for instance using 
Mach-Zehnder interferometer (MZI)-integrated 
photonics (43) or spatial light modulators 
(SLMs) in optics (21, 44). The goal is to train 
we locally without the need to know the non- 
linear physical layer. Instead of a forward and 
backward pass, we use two physical forward 
passes: a positive and a negative forward pass 
through the physical system, each running on 
different physical inputs. The positive physical 


pass, y, = wi rw [mr ale, uses positive 


inputs that include the input dataset and the 
correct labels, and the negative physical pass, 


y, = Wi? po) mak] , uses negative inputs 


that include the input dataset and the incor- 
rect labels (Fig. 1A). In each layer, we calculate 
the so-called goodness function, defined as the 
cosine similarity between the positive and 
negative activities. Eventually, for each layer J, 
wY is trained by minimizing the following 
loss function 


Lo = log(1 =e exp{8[COSsim(Ypos, Yneg)|}) (1) 


In supervised learning, the goodness func- 
tion is defined as the cosine similarity between 
the activities of the layer and a random vector 
drawn from normal distribution, both for the 


Deep physical neural networks 


positive and negative physical passes. In this 
case, the loss function reads 


L = log [1 + exp (~0{ c0Ssim [Yoo | ~ 


COSsim [ve 20] \)] (2) 


In the equations above, cos,j is the cosine 
similarity defined as the cosine of the angle 
between the two arguments, 6 is a scale factor, 
and €! is the random vector for the layer J. The 
original forward-forward algorithm uses only 
the difference of the positive and negative 
squared activities, hence necessitating layer 
normalization to be applied to the data before 
proceeding to subsequent layers (37). Converse- 
ly, our algorithm avoids incorporating layer 
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Fig. 1. Deep PNNs. (A) A simple and physics-compatible deep neural network that 
uses a sequence of nonlinear physical data transformers augmented by trainable 
matrix multiplications, trained by the supervised PhyLL technique (refer to 
supplementary text, section 2.1.1, for additional explanations). At each layer, the 
nonlinear physical data transformer conducts nonlinear mapping between input 
and output spaces to separate positive and negative data by maximizing the cosine 
similarity of the positive data to a random vector € and minimizing the cosine 
similarity of the negative data to the same vector. We considered three physical 
systems that vary in terms of the underlying wave phenomenon and the type 

of nonlinearity. (B) In acoustics, input data are encoded into the intensity of sound 
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Lenses 


Output 
(Transfer func. Intensity) 
MMOC 


Output 


Frequency 


waves at different frequencies injected on the left side of the cavity. Sound waves 
propagate through a chaotic cavity that comprises multiple rigid cylindrical diffusers 
and nonlinear membranes. The transformed waveforms are received by multiple 
microphones. (C) In the chaotic microwave cavity, input data are encoded into the 
programmable metasurface configuration inside the metallic disordered cavity. 

The outputs are obtained from the waves’ spectra (transfer function). (D) In the 
optical setup, input data are encoded onto the SLM, and after passing through 

a multimodal optical cavity (MMOC), the resulting optical intensity is measured on 
the charge-coupled device (CCD) camera [numerical experiment based on 
experimentally acquired data from Rahmani et al. (56)]. 
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normalization into the architecture because 
its hardware-based implementation is a deep 
challenge. During the inference phase, we in- 
put a particular label into the PNNs and ac- 
cumulate the goodness values for all layers. 
This process is repeated for each label sepa- 


rately. The label with the highest accumulated 
goodness value is then selected as the output 
(see supplementary text, section 2.1, for more 
details). In unsupervised contrastive learning, 
a single linear layer maps representations from 
pretrained hidden layers to labels (supplemen- 
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Fig. 2. Acoustic-PNN. (A) The topology of the acoustic-P 
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tary text, section 2.1.1). For details on data gen- 
eration, refer to supplementary text, section 2.2. 
Diverse PNNs for vowel and image classification 


Figure 1 presents three deep PNN classifiers 
for various standard datasets, including vowel, 
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N consists of a two-layer PNN with skip connections. Each layer comprises an acoustic-PNN augmented 


by trainable matrix multiplication. (B) Photograph of the experimental setup. NL, nonlinear. (©) Comparison of test accuracy versus training epoch with in silico, 
ideal BP, and PhyLL algorithm for the vowel recognition task. (D) The train and test classification accuracy versus training epoch for the vowel recognition task. (E and 
F) The confusion matrix for the PNN on the train (E) and test (F) sets. 
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Fig. 3. Microwave-PNN. (A) The topology of the microwave-PNN consists of a three-layer PNN with skip connections. Each layer comprises a microwave-PNN 
augmented by trainable matrix multiplication. (B) Photograph of the experimental setup. (C) Train and test classification accuracy versus training epoch for the vowel 
recognition task. (D and E) Confusion matrix for the PNN on the train (D) and test (E) sets. 
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digit, fashion Mnist, and CIFAR10, based on 
three distinct physical systems, each featur- 
ing a distinctive source of nonlinearity (ma- 
terials and methods and supplementary text, 
sections 2.3 to 2.5). Although there have been 
proposals that explore wave-based analog com- 
puting for linear operations, such as multi- 
plication and convolution (43, 45-53), it is 
important to note that PNNs require non- 
linearity to effectively handle regression and 
classification tasks. We evaluated the per- 
formance of PhyLL in these media (refer to 
tables S1 and S2 in the supplementary mate- 
rials) against in silico and BP methods under 
both supervised and unsupervised contras- 
tive training schemes using an end-to-end 
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surrogate forward model of the systems for 
benchmarking purposes. 


Acoustic chaotic cavity with nonlinear scatterers 


In acoustics, an air-filled multimode cavity 
composed of multiple nonlinear meta-scatterers 
randomly placed on the cavity top wall and 
multiple rigid scatterers inside the cavity was 
used (materials and methods and supplemen- 
tary text, section 2.3). The nonlinear meta- 
scatterers were designed to provide a nonlinear 
relation between pressure and particle velocity 
with controllable power law. The positive and 
negative data were encoded onto the ampli- 
tude of each frequency component composing 
the excitation waveforms, which were then in- 
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jected into the nonlinear system through loud- 
speakers positioned on the right side of the 
cavity. The output of the physical system was 
measured using microphones below the meta- 
scatterers. We investigated the vowel classifi- 
cation performance of two-layer acoustic-PNN 
(Fig. 2A). To compare the results of PhyLL 
with ideal BP and in silico training, we accu- 
rately modeled the forward pass of acoustic-PPN 
by a digital neural network (supplementary 
text, section 2.1). When trained using PhyLL, 
the acoustic-PNN achieved a classification 
accuracy of 98.88% and 97.31% for train and 
test datasets, respectively (Fig. 2, D to F). 
Figure 2C shows the comparison of the clas- 
sification results obtained for PhyLL, ideal BP, 
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Fig. 4. Optics-PNN. (A) The topology of the optics-PNN consists of a two-layer PNN. Each layer comprises an optics-PNN augmented by trainable matrix multiplication. 
The right panel shows examples of input encoding for supervised and unsupervised contrastive versions along with the corresponding output on a CCD camera for the digit 
Mnist dataset. (B to D) The train and test classification accuracy versus training epoch for the vowel (B), digit (C), and fashion Mnist (D) tasks. (E) Schematic of the 
unsupervised version for PNNs (supplementary text, section S2). (F) The classification accuracy on the training and test sets versus training epoch for the unsupervised 


contrastive version of PhyLL on the digit Mnist dataset. 
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Fig. 5. Robustness of deep PNNs against unpredictable external perturbations. (A) A deep PNN consists of six layers of optics-PNN augmented by trainable 
matrix multiplication. The deep PNN is trained on vowel datasets and is currently in the inference phase. (B) Applying hard perturbation by adding Gaussian noise with 
the mean of u and standard deviation of o to the transmission matrix of MMF. (C and D) A comparison between PA-BP (22) (C) and the proposed PhyLL method (D) is 


presented, with the focus on their ability to recover 


and in silico training. A schematic of the afore- 
mentioned methods is provided above Fig. 2C. 
The complete comparison between different 
hardware-based training methods is provided 
in the supplementary text, section 2.1. 

As demonstrated in Fig. 2C, in silico training 
performed poorly, reaching only a maximum 
vowel classification accuracy of ~50%. When 
there was a gap between the reality and the sim- 
ulation of a physical system (called the reality- 
simulation gap), the accuracy of inference would 
decrease. By contrast, PhyLL succeeded in accu- 
rately training the acoustic-PNN, performing 
similarly to the ideal BP algorithm used as a base- 
line. The key advantage of PhyLL stems from 
the execution of both forward passes through 
the physical hardware rather than simulations. 


Microwave massively parametrized chaotic 
cavity with structural nonlinearity 


In the microwave regime, we leveraged a “struc- 
tural nonlinearity” such that we could imple- 
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the classification accuracy after applying perturbation. 


ment nonlinear mathematical operations at 
low power levels with a linear scattering sys- 
tem. Our system consisted of a chaotic cavity 
that was massively parametrized by covering 
one of its walls with a programmable meta- 
surface. For each meta-atom and each polari- 
zation, the programmable metasurface offered 
two possible local boundary conditions. Our 
setup is shown in Fig. 3B and further detailed 
in the supplementary text, section 2.4. Although 
the setup resembles that recently used to im- 
plement with high fidelity and in situ repro- 
grammability desired linear transfer functions 
for signal differentiation (53) and routing (54), 
in this case we sought a nonlinear mapping. 
Hence, we defined the metasurface configu- 
ration as the input and the transfer function 
as the output of our mathematical operation. 
This relation is in general nonlinear because 
of the mutual coupling between meta-atoms 
caused by their proximity and, notably, the 
reverberation (55). We embrace reverbera- 
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tion to maximize the nonlinearity, whereas 
previous work (50) has sought to limit the 
reverberation to implement a linear trans- 
formation with the same input-output defi- 
nition (see supplementary text, section 2.4, 
for further discussion). 

We randomly grouped our programmable 
metasurface’s 152 degrees of freedom into 40 
macropixels because our mathematical opera- 
tion necessitated 40 input values. We defined 
our mathematical operation’s outputs as the 
transfer function intensities at 20 decorrelated 
frequencies within the bandwidth of operation 
of the programmable metasurface (400 MHz 
around 5.2 GHz). Thereby, in addition to the 
structural nonlinearity, we added a readout 
nonlinearity by considering the transfer func- 
tion’s intensity. To flexibly evaluate the pro- 
posed approach, we learned a digital surrogate 
forward model of the configuration to trans- 
fer function intensity mapping (supplemen- 
tary text, section 2.4). Then, we constructed 
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the three-layer microwave-PNN shown in 
Fig. 3A and trained it according to the PhyLL. 
The training converged after roughly 20 epochs, 
and the achieved classification accuracy on the 
unseen test data reached 97.31% (Fig. 3, C to E). 


Optical multimode fiber with readout nonlinearity 


In the optics example, we used the experimen- 
tal transfer matrix data of an optical system 
that comprised an SLM, a scattering medium 
consisting of a step-index multimode fiber 
(MMF), and a complementary metal oxide 
semiconductor (CMOS) camera (Fig. 1D and 
materials and methods) (56). The data were 
encoded onto the SLM, and after passing 
through the MMF, the resulting optical inten- 
sity was seen on the camera. The physical 
optical system performed a complex spatial 
transformation. Although this transformation 
was linear in the complex domain, the process 
became nonlinear as a result of the data being 
encoded onto the phase (SLM) and the sub- 
sequent measurement of the intensity squared 
on the camera. 

We used an optics-PNN to perform classifi- 
cation tasks on different datasets: vowel, digit, 
and fashion Mnist (see Fig. 4; table S1; and 
supplementary text, section 2.5, for further 
details). The two-layered optics-PNN achieved 
high classification accuracy on both the vowel 
and Mnist dataset. For vowel, we obtained 
97.21% and 97.14% accuracy on the training 
and test sets, respectively. Using only the two- 
layer optics-PNN, the model achieved 97.19% 
and 96.36% accuracy on the training and test 
sets of Mnist, respectively. To implement a 
deeper optics-PNN, we trained it with six layers 
on the fashion Mnist dataset, achieving train- 
ing and test accuracies of 92.27% and 87.79%, 
respectively (see corresponding results in Fig. 
4, B to D). In addition, the unsupervised con- 
trastive learning version of PhyLL is tested on 
three layers of optics-PNN (Fig. 4E). The mod- 
el achieved training and test accuracies of 
97.59% and 96.51%, respectively (Fig. 4F and 
table $2). Results were also consistent with a 
recent preprint for a similar experiment that 
directly implemented the original forward- 
forward algorithm, leading to slightly lower 
efficiency (57). 


Real-time adaptable learning 


In this work, we investigated the robustness 
of PhyLL in the context of real-time and adapt- 
able learning, where the physical data trans- 
former may undergo changes as a result of 
the slow dynamics of the physical system dur- 
ing the runtime or external hard perturba- 
tions (see also supplementary text, section 2.8). 
Let us consider a deep optics-PNN with six 
layers, as depicted in Fig. 5A, which has al- 
ready been trained on vowel datasets and is 
currently in the inference phase. The trans- 
formation function of each physical system is 
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JSo(8), where 0 is the physical input. We per- 
turbed the physical systems at a specific time 
(examples of such perturbations include changes 
in the MMF state or the positions of lenses or 
masks, etc.), which results in a change in the 
transformation function of each physical sys- 
tem from fo(8) to 7,(8) (Fig. 5B). To show this, 
we perturbed the transmission matrix of the 
optical setup by adding a Gaussian noise with 
mean u and standard deviation o. As observed 
in Fig. 5D, the test accuracy dropped as ex- 
pected after applying the perturbation. The 
question now is whether the training meth- 
od can restore the accuracy by retraining the 
optics-PNN. We compared our results with 
the PA-BP method (22), which uses a digital 
model for the backward pass and the physical 
system for the forward pass. PA-BP struggled 
to restore accuracy with increasing perturba- 
tion intensity (Fig. 5C). For instance, the test 
accuracy oscillated around 55% for a small per- 
turbation (red dots in Fig. 5C) and worsened 
further for more intense perturbations. By 
contrast, the proposed PhyLL could easily re- 
cover accuracy after a few epochs, regardless of 
the intensity of the perturbation applied (Fig. 
5D). This adaptability could be attributed to 
PhyLL executing both forward passes through 
the physical hardware rather than digital 
models. By contrast, the PA-BP method relied 
on a digital model that lost its accuracy when 
subjected to hard perturbation, necessitating 
retraining from scratch or comprehensive hy- 
perparameter tuning. 


Discussion 


Because of the unprecedented growth in the 
size of ANNs, such as large language models 
(LLMs) that are expected to increase unceas- 
ingly, the costs of both the training and infer- 
ence phases of these networks have increased 
exponentially. Specialized hardware, such as 
PNNs, have the potential to drastically de- 
crease these costs. Anderson et al. (21) recently 
projected an inference-time energy-efficiency 
advantage of ~8000x compared with that of 
digital-electronic processors for large-scale 
future transformer models. The training meth- 
od proposed in this paper could serve as a 
viable candidate for training these optical 
LLMs, potentially offering substantial energy 
efficiency and speed advantages. We further 
examine these in the supplementary text, sec- 
tion 2.10. Implementing large-scale LLMs with 
optics still faces a few challenges, such as the 
current SLM capacity limited to a few million 
parameters—far from the billions required. 
However, there are no fundamental roadblocks 
to achieving billion-parameter optical archi- 
tectures and energy-efficient PNNs. 
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The history of Coast Salish “woolly dogs” revealed by 
ancient genomics and Indigenous Knowledge 


Audrey T. Lin’?*, Liz Hammond-Kaarremaa‘**, Hsiao-Lei Liu’, Chris Stantis'*, lain McKechnie®, 
Michael Pavel®, Susan sa'hLa mitSa Pavel®”*, Senaqwila Sendkw Wyss’, Debra qwasen Sparrow", 
Karen Carr“, Sabhrina Gita Aninta’, Angela Perri’?"*, Jonathan Hartt’®, Anders Bergstrém'*”, 
Alberto Carmagnini“®, Sophy Charlton’®°, Love Dalén”+2223, Tatiana R. Feuerborn2*>, 

Christine A. M. France”°, Shyam Gopalakrishnan2“, Vaughan Grimes’, Alex Harris”°, 

Gwénaélle Kavich”®, Benjamin N. Sacks7®°, Mikkel-Holger S. Sinding?°, Pontus Skoglund’, 

David W. G. Stanton’®*, Elaine A. Ostrander°, Greger Larson’®, Chelsey G. Armstrong”, 

Laurent A. F. Frantz'2"8, Melissa T. R. Hawkins’, Logan Kistler* 


Ancestral Coast Salish societies in the Pacific Northwest kept long-haired “woolly dogs” that were bred 
and cared for over millennia. However, the dog wool—weaving tradition declined during the 19th century, 
and the population was lost. In this study, we analyzed genomic and isotopic data from a preserved 
woolly dog pelt from “Mutton,” collected in 1859. Mutton is the only known example of an Indigenous 
North American dog with dominant precolonial ancestry postdating the onset of settler colonialism. We 
identified candidate genetic variants potentially linked with their distinct woolly phenotype. We 
integrated these data with interviews from Coast Salish Elders, Knowledge Keepers, and weavers about 
shared traditional knowledge and memories surrounding woolly dogs, their importance within Coast 
Salish societies, and how colonial policies led directly to their disappearance. 


ogs were introduced to the Americas 

from Eurasia via northwestern North 

America ~15,000 years ago and have 

been ubiquitous in Indigenous societies of 

the Pacific Northwest (PNW) for millen- 
nia (1-4). Coast Salish peoples in the Salish 
Sea region (Fig. 1A) kept multiple different 
types of dogs: hunting dogs, village dogs, and 
“woolly dogs” with a thick woolen undercoat 
that was shorn for weaving (4, 5). Dog-wool 
blankets, often blended with mountain goat 
wool, waterfowl down, and plant fibers such 
as fireweed and cattail fluff, were prestigious 
cultural belongings (6-8). Woolly dogs, known 
as “sqwema:y,” “ske'-ha,” “sq”améy,” “sq”bay,” 
and “q’abal” in some Coast Salish languages 
(9), were emblems of some communities, as 
depicted in a 19th-century Skokomish/Twana 
basket (Fig. 1B) (70). 

The first comprehensive book on Salish weav- 
ing (11) scrutinized most Coast Salish woven 
blankets in museums around the world, ques- 
tioning if any contained primarily dog wool and 
disputing the fiber’s spinnability. More-recent 
proteomic analysis of 19th-century blankets con- 
firmed the use of dog wool in Coast Salish weav- 
ing (72). In addition, zooarchaeological remains 
thought to be from woolly dogs have been found 
in dozens of archaeological sites in Coast Salish 
territories beginning ~5,000 years before present 
(B.P.) (2, 4) (Fig. 1A). The last Coast Salish woolly 
dogs likely lived in the late 19th and early 20th 
centuries (5, 13). Later photographs and records 
referring to woolly dogs extend into the 20th 
century, but these examples likely reflect mixed 
ancestry or non-Indigenous breeds (9). 

The decline in dog-wool weaving has previ- 
ously been attributed to the proliferation of 
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machine-made blankets by British and Amer- 
ican trading companies in the early 19th cen- 
tury (11, 13). However, this explanation ignores 
the cultural importance of woolly dogs, as re- 
flected through their enduring use by weavers, 
particularly for high-status items such as re- 
galia (7, 14). Given their role in Coast Salish 
societies, it is unlikely that the entire dog-wool 
tradition would have been abandoned simply 
because of the ready availability of imported 
textiles. Furthermore, this explanation ignores 
weavers efforts to maintain culturally relevant 
practices in the face of settler colonialism. The 
use of blankets and robes served not only a func- 
tional purpose but also a spiritually protective 
role in Coast Salish cultures. Wearing a cere- 
monial blanket was spiritually transformative 
because it intertwined the creator of the blan- 
ket, the wearer, and the community (13-15). 

The only known pelt of an extinct Coast Salish 
woolly dog is of “Mutton,” a dog cared for by nat- 
uralist and ethnographer George Gibbs during 
the Northwest Boundary Survey (1857-1862). Ac- 
cording to Gibbs’s field journal and Smithsonian 
ledgers [National Museum of Natural History 
(USNM) A4401 to A4425], Mutton became ill 
and died in late 1859 (9, 15). His pelt and lower 
leg bones are housed at the Smithsonian Insti- 
tution (USNM 4762) (figs. S2 and S4). 

In this study, we combined genomic analy- 
sis, ethnographic research, stable isotope and 
zooarchaeological analysis, and archival re- 
cords to investigate this iconic dog’s history, 
including ancestry, the genetic underpinnings 
of woolliness, and their ultimate decline. We 
sequenced Mutton’s nuclear genome to a mean 
3.4x depth of coverage and, for comparison, a 
nonwoolly village dog (figs. S3 and S5) from 
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0 


the nearby Semiahmoo Bay region to low oct 


erage (0.05; “SB dog” hereafter, USNM 2..., 
collected 1858). For additional genomic con- 
text, we increased the coverage of an ancient 
dog from Port au Choix, Newfoundland [AL3194; 
4020 calibrated years B.P. (cal B.P.)] (3), from 
1.9x to 11.9x, and sequenced the genome of 
an ancient dog from Teshekpuk Lake, Alaska 
(ALAS_015; 3763 BP; 1.23x); three modern 
coyotes; and 59 modern dogs representing 
21 breeds (data S1). We also undertook &°C and 
5”N stable-isotope analysis of Mutton and the 
SB dog to test for substantial differences in their 
dietary life histories. Lastly, we interviewed 
seven Coast Salish Elders, Knowledge Keepers, 
and wool weavers about family histories and 
traditional knowledge surrounding woolly dogs 
to provide a cultural framework for interpret- 
ing the genomic analyses (9). The interviewees 
span several Coast Salish communities, including 
St6:lo, Squamish, Snuneymuxw, and Musqueam 
Nations in British Columbia (BC) and Suquamish 
and Skokomish/Twana in Washington. 


Woolly dog origins 


Throughout northwestern North America there 
are numerous oral histories and origin stories ‘ 
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involving the woolly dog. Skokomish/Twana 
Elder Michael Pavel reports that in a former 
time, when all beings including woolly dogs 
were recognized as relatives, all were “people” 
and were as family. High-status Qw’6:ntl’an 
women are an example of those who trace their 
lineages from the woolly dog at a time when all 
beings were one family (76). According to Pavel: 
“And out of [the origin story], [woolly dogs] 
were given the gift of the wool, and they were 
able to teach the women how to gather the 
wool, how to process the wool, how to spin the 
wool, and how to weave with the wool” (9). 

Early colonial explorers and scholars specu- 
lated that woolly dogs originated in Japan 
(17) or were recently introduced to the Coast 
Salish by the Dene people from their home- 
lands in northern boreal Canada (78). However, 
zooarchaeological remains of morphologically 
distinct dogs in Coast Salish territories sug- 
gest that woolly dog husbandry was present 
for ~5000 years before European colonization 
(2, 4). Furthermore, longstanding oral histories 
and traditional knowledge hold that woolly 
dogs have been part of Coast Salish society for 
millennia (9). 

To test whether Mutton has precolonial or 
settler dog ancestry, we first compared his mito- 
chondrial genome with 207 ancient and mod- 
ern dogs from a global sampling. Mutton carries 
the A2b mitochondrial DNA (mtDNA) haplo- 
type, which emerged after dogs initially arrived 
from Eurasia (3). Most of this mtDNA lineage of 
so-called precolonial dogs (PCDs) disappeared 
after European colonization (3, 19, 20). Mutton’s 
nearest mtDNA neighbor is an ancient dog 
(PRD10, ~1,500 B.P.) from Prince Rupert Harbour, 
BC (Fig. 2A and fig. S16). PRD10 is the only ar- 
chaeological dog from the PNW in the mtDNA 
dataset, and this similarity reflects the deep roots 
of Mutton’s maternal ancestry in the region. A pair 
of modern and ancient (~620 B.P.) dogs from 
Alaska form a sister clade of the Mutton-PRD10 
grouping, further underscoring the long-term 
maternal population structure in northwestern 
North America. By contrast, the SB dog carries an 
Ala haplotype, which is similar to that of most 
modern European dogs and is the most common 
present-day haplotype worldwide (found in 64 
out of 207 dogs in our analysis) (27). 

To place a timeframe on the divergence of 
Mutton’s maternal lineage, we performed a 
molecular-clock analysis on the mitochon- 
drial phylogeny (data S1). The results suggest 
a mitochondrial common ancestor estimated 
between 4776 and 1853 years B.P. for the sub- 
clade containing Mutton, PRD10, and the two 
Alaskan dogs (95% highest posterior density; 
Fig. 2A and fig. $16). Although we are limited 
by the analysis of a single individual, this tim- 
ing is generally consistent with the increasing 
occurrence of small-sized woolly dog zoo- 
archaeological remains in the regions sur- 
rounding the Salish Sea (2). 
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Fig. 1. Domestic dogs in the culture and society of Indigenous Coast Salish peoples. (A) Coast Salish 
ancestral lands include the inner coastal waterways of the Salish Sea in southwest British Columbia and 
Washington State. Archaeological woolly dog data are from (2). Distribution of the Coast Salish languages in the 
19th century are as indicated by colored areas. [The map is modified from https://commons.wikimedia.org/wiki/ 
File:Coast_Salish_language_map.svg and licensed under CC BY-SA 4.0.] (B) Woven Skokomish/Twana basket 
with woolly dog iconography, depicted with upturned tails. Woolly dog puppies are inside pens represented 

by diamond shapes (10) [courtesy of Burke Museum, catalog no. 1-507]. (€) Forensic reconstruction of a woolly 
dog based on Mutton's pelt measurements and archaeological remains (9). Sketches of Arctic and spitz dog 
breeds are shown for scale and comparison of appearance and do not imply a genetic relationship. 


To assess Mutton’s nuclear ancestry, we an- 
alyzed 217 globally distributed ancient and 
modern dogs. Outgroup-/; statistics reveal that 
Mutton carries substantially greater shared 
genetic drift with PCDs than with any other dogs, 
specifically, with the archaeological remains 
of a dog from Port au Choix, Newfoundland 
(4020 cal B.P.), and from Weyanoke Old Town, 
Virginia (~1,000 B.P.) (Fig. 2B and fig. S17). 
Because Mutton lived after European colo- 
nization and waves of precolonial dog intro- 
ductions (3, 21), we tested for gene flow from 
introduced lineages using D-statistics. We found 
that European breeds yielded strongly positive 
D-statistics, indicating that Mutton’s non-PCD 
ancestry most likely stemmed from introduced 
European dogs (Fig. 2C). 

To refine these results, we used _f,-ratio tests 
with six modern European breeds (Chinese 
Crested dog, English Cocker Spaniel, Dalmatian, 
German Shepherd, Lagotto Romagnolo, and 
Portuguese Water Dog), estimating that Mutton 
had 84% PCD ancestry and 16% European an- 
cestry (11.9 to 19.9% 2 SE range; Fig. 2D). The f4- 
ratio test may slightly overestimate Mutton’s 
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European ancestry if the true contributor of 
this ancestry was equally related (an outgroup) 
to the two European breeds in the tests. How- 
ever, estimates across all permutations are 
broadly consistent (Fig. 2D and fig. S18), sug- 
gesting European ancestry roughly on the order 
of one great-grandparent in Mutton’s back- 
ground. By contrast, outgroup-/3 statistics indi- 
cate that the contemporaneous SB dog appears 
highly admixed, showing the greatest similar- 
ity to ancient dogs from Siberia and Alaska 
(fig. S17). The distribution of PCD versus Euro- 
pean ancestry tracts in Mutton can provide 
some additional insight into the timing of ad- 
mixture. Although this method is imprecise 
because of recent admixture and the scarcity 
of PCD source-population data, we estimate 
that Mutton’s European admixture occurred 
10.8 + 4.9 generations before (1 SE). Assuming 
a 3-year generation time, this analysis suggests 
admixture ~32 years before Mutton’s birth, 
consistent with postcolonial admixture (9). 
To test for dietary differences between Mut- 
ton and the SB dog, we performed stable isotope 
analysis of &°C and §°N on bone collagen and 
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statistics (f3(Gray Fox; Mutton, 
B)) or estimation of shared 
drift between Mutton and 229 
other dogs revealed that Mutton 
has the highest similarity to PCDs. 
Black-point estimates indicate | 
ancient genomes. (C) D-statistics ~1,800-4800 BP 
(((PCD, Mutton), Test Dog), Gray 
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to Mutton’s non-PCD ancestry. 
(D) fy-ratio tests (f4(A, Out: 
utton, AL3194-Port au Choix): 
f(A, Out; B, AL3194-Port au 
Choix)) to estimate the proportion 
of European settler-dog ancestry 
in Mutton’s background, performed 
by using six modern European 
breeds as proxies for Mutton’s 
European ancestry component. 
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hair keratin. The SB dog has high 8”C and 
8°N values similar to those of archaeological 
dogs from the PNW (22), indicating a traditional 
marine-based diet (figs. S13 and S14). Mutton’s 
isotope values reveal a more terrestrial and com- 
plement C; component-rich diet, likely reflecting 
Mutton’s life and travels with Gibbs from an 
early age (fig. S14, B and C, and fig. S15) (9). 
The persistence of a high proportion of post- 
colonial PCD ancestry may reflect concerted 
efforts by Coast Salish peoples to maintain 
the breed against the pressure of gene flow 
from nonnative dogs. Mutton lived near the 
end of traditional woolly dog husbandry 
(5, 9, 13). Although he had mixed ancestry, 
Mutton’s background is dominated by PCD 
ancestors, as compared with that of the con- 
temporaneous SB dog. This finding may in- 
dicate careful reproductive management to 
maintain woolly dogs’ distinct genetic make- 
up and phenotype until their decline. Mutton’s 
fraction of European ancestry also highlights 
the turbulent cultural moment at the time 
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Mutton lived and illustrates how interbreed- 
ing with settler-introduced dogs could have 
threatened the survival of woolly dogs. 


The influence of people on the woolly 
dog genome 


Woolly dogs were treated as beloved extended 
family members. According to Debra qwasen 
Sparrow, a Musqueam Master Weaver, her grand- 
father [Ed Sparrow (1898-1998)] told her that 
“every village had [woolly dogs], that they were 
like gold because they were mixed with the moun- 
tain goat and then rove and spun” (9). Dogs 
also comprised a form of wealth and status for 
Coast Salish women, who carefully managed the 
dogs to maintain their woolly coats, isolating 
them on islands or in pens to strictly manage 
their breeding (9, 17, 23). Island names often 
reflect their connection with dogs, such as 
“sqwiqwmi"” (“Little Dog”) village on Cameron 
Island in Nanaimo, Snuneymuxw territory, 
BC. The prevention of interbreeding wool dogs 
with hunting or village dogs was critical for 
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maintaining their distinct hair characteristics: 
soft guard hairs with an unusually long, crimpy 
undercoat (fig. S2), which was highly spinna- 
ble and could be made into warm blanket yarn. 
These management practices likely contrib- 
uted to Mutton’s PCD ancestry long after the 
onset of settler colonialism. 

Long-term husbandry for woolly hair likely 
limited woolly dogs’ effective population size, 
which would be reflected in nucleotide diversity 
and thus in Mutton’s heterozygosity. We found 
that Mutton’s heterozygosity is in the lowest 
range of living breeds (n = 51) and village dogs 
(n = 42) downsampled to the same coverage 
(Fig. 3A). Additionally, runs of homozygosity 
(ROH) better reflect recent demography than 
global heterozygosity. Using an ROH method 
optimized for low coverage (9, 24), we estimate 
that 15.7% of Mutton’s genome is in ROH of 
2.5 mega-base pairs (Mbp) or greater, again 
in the range of modern breeds. The ancient 
Port au Choix dog also has low genomic het- 
erozygosity and 11.3% ROH, so Mutton’s low 
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Fig. 3. Genomic outcomes 


of management and selection. A I 
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analysis. (B) Tree schematic 
used in dN/dS analysis to 
identify genes under selection 
in Mutton compared with other 
canids. The branching order 
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plus all other canids. Genes 
with elevated dN/dSgenome 
values in multiple dogs could 
reflect more ancient shared 
selection before the separation 
of the woolly dog lineage. 
Therefore, likely candidates for 
ection in woolly dogs were 
conservatively assessed where 
/dSgenome > 1.5 in Mutton 
(9) but dN = 0 in the other 
three dogs, including one PCD. 
(C) Genes with an excess of 
nonsynonymous mutations in 
utton. Black points are the 
125 selection candidates identified 
on the basis of dN/dSgenome 2 
1.5 in Mutton but dN = 0 in three 
other dogs, including one PCD 
(9). Several genes with high 
AN/dSgenome in Mutton (shown in 
gray) are excluded as selection 
candidates because they carry 
at least one nonsynonymous 
mutation in other dogs. This 
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approach is designed to conservatively highlight genes in which selection is more likely specific to Mutton’s lineage rather than during dog domestication or in the 
common ancestors of PCDs. Candidate genes discussed in text are indicated. 


heterozygosity may partly reflect shared de- 
mographic history from a small PCD founding 
population (Fig. 3A). Because of recent Euro- 
pean admixture, Mutton’s genome is inevita- 
bly more heterozygous than that of his recent 
woolly dog ancestors. 

To search for evidence of genetic mechanisms 
for woolliness, we used maximum likelihood- 
based estimation of the enrichment of nonsyn- 
onymous mutations (dN/dS) (ratio of nonsynon- 
ymous to synonymous mutations) observed 
within Mutton’s coding regions (9). We eval- 
uated 11,112 genes with sufficient sequence 
coverage for all dogs and outgroups (data S1) 
and restricted selection-candidate identifi- 
cation to genes with elevated dN/dS in Mutton 
but lacking any nonsynonymous mutations in 
three other dogs, including one PCD (Fig. 3B). 
Although power to detect selection is funda- 


Lin et al., Science 382, 1303-1308 (2023) 


mentally limited with only a single genome, 
we identified a candidate set of genes with 
high lineage-specific dN/dS values. We iden- 
tified 125 genes as candidates for positive se- 
lection in woolly dogs (data S2). Among these, 
28 have plausible links to hair growth and 
follicle regeneration according to a model of 
the hair-growth cycle (fig. S12) and are asso- 
ciated with cell replication, proliferation, the 
formation of extracellular matrix components, 
vascularization, and related processes (25-31) 
(Fig. 3C and data S3). 

Candidate selection genes in Mutton include 
KANK2, a steroid-signaling regulator responsi- 
ble for hereditary diseases of the hair shaft in 
humans (32). A distinct nonsynonymous muta- 
tion in Mutton lies in the amino acid adjacent 
to the KANK2 mutation, causing a “woolly” 
hair phenotype in humans (32). KRT77 is a 
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member of the keratin gene family responsible 
for the structural integrity of cells in the epi- 
thelium and hair follicles. Mutations in kera- 
tin genes are linked to curly-hair phenotype in 
other dogs, rats, and mice (37), and to woolly 
hair and hereditary hair loss in humans (26, 30); 
and multiple KRT genes underwent selection 
in woolly mammoths (25). CERS3, PRDM5, and 
HAPLN1 are associated with maintaining the 
integrity of the skin or connective tissue in hu- 
mans (27, 28). GPNMB is involved in multiple 
cellular functions in the epidermis, potentially 
mediating pigmentation (29). We also manu- 
ally evaluated 15 specific variants from previous 
literature that are linked with hair character- 
istics in living dog breeds (data S4). Apart from 
a widespread FGF5 mutation conferring long 
hair (33, 34), Mutton showed the ancestral 
allele in all cases with data present (data S4), 
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illustrating the independent origins of woolly 
dogs’ distinct phenotype. 


The impact of colonialism on the iconic 
breed’s disappearance 


Woolly dogs’ decline throughout the 19th cen- 
tury is not fully understood. The narrative that 
the influx of trade blankets into the region led 
to the abandonment of woolly dog husbandry 
oversimplifies a complex scenario. By 1857 (a 
year before Mutton’s birth) in St6:10 territory, 
where Mutton was most likely acquired, the 
settler population consisted of only a few dozen 
permanent settlers at Fort Langley (35, 36). The 
following year, more than 33,000 miners ar- 
rived at present-day BC during the 1858 Fraser 
River Gold Rush. This large-scale migration set 
off conflicts between miners, colonial govern- 
ments, and Indigenous peoples. Indigenous 
populations declined by an estimated two- 
thirds between 1830 and 1882 (37). Smallpox 
epidemics—almost one every generation from 
the 1700s to 1862 (38)—are estimated to have 
killed more than 90% of Indigenous people in 
some villages across BC (38), along with steady 
depopulation due to other introduced diseases 
such as mumps, tuberculosis, and influenza (37). 

Survival of woolly dogs depended upon the 
survival of their caretakers. In addition to dis- 
ease, expanding colonialism increased cultural 
upheaval, displacement of Indigenous peo- 
ples, and a diminished capacity to manage the 
breed. Policies targeted Indigenous governance 
and inherent rights, resulting in the deliberate 
disenfranchisement and criminalization of 
Indigenous cultural practices (39). Indigenous 
women, the caretakers of woolly dogs and 
weaving knowledge, were specifically targeted. 
Missionization efforts reduced women’s roles 
in society, and legislation such as the Indian 
Act (1876) explicitly prohibited women from 
participating in local governance, denied women 
basic property rights, and restricted their move- 
ment (39). In the 20th century, transference of 
cultural knowledge was further disrupted by 
mandatory residential schooling designed to 
remove children from their families and sup- 
press culture (40). 

Through these compounding waves of co- 
lonialism, the transmission of important knowl- 
edge relating to woolly dog husbandry and 
hair processing, spinning, and weaving was 
interrupted. St6:16 Elder Rena Point Bolton, 
95 years old in 2022, recalls how Th’etsimiya, her 
great-grandmother, had kept woolly dogs, but 
was forced to give them up: “They were told 
they couldn’t do their cultural things. There 
was the police, the Indian Agent and the priests. 
The dogs were not allowed. She had to get 
rid of the dogs” (9). The dogs represented high 
status and traditional practices that threatened 
British and later Canadian dominion and 
as such were removed through policies of as- 
similation (40-42). The weaving traditions 
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were not completely lost, because many cul- 
tural teachings and types of expertise were 
carried on in secret. Bolton said: “Our people 
were not allowed to spin on shxwqaelets [tra- 
ditional spindle whorls]. They could spin on a 
European one but not on the shxwqacelets. 
They couldn’t use their looms, and they would 
take them out and burn them or they would 
give them to museums or collectors ... The 
generation that was there when the Europeans 
came and colonized us, that’s where it ended, 
and there [were] just a few people who went 
underground. And my grandmother and my 
mother were two of them” (9). 

A growing body of research demonstrates 
how peoples of the PNW cared for and man- 
aged their ancestral lands, cultivating diverse 
and highly localized plants and marine foods 
(43-45). Woolly dogs may have also been sim- 
ilarly localized and diverse. We focused on Coast 
Salish dogs, but non-Salish peoples in the PNW 
also kept woolly dogs. For example, Nuu-chah- 
nulth peoples of western Vancouver Island kept 
a different wool dog that was reportedly bigger 
and had coats of different colors, including brown, 
spotted, black, gray, or white (46-48). These dif- 
ferences could be population-specific, or they 
could be a result of widespread phenotypic di- 
versity, as noted by explorers in the 18th and 
19th centuries (17), reflecting trade among the 
different Indigenous communities. 

Weaving and woolly dogs are intertwined in 
Coast Salish culture and society, which cannot 
be separated from the long-time management 
of their ancestral homelands. Weavers, artists, 
and Elders continue to promote the renewal of 
traditional or customary weaving knowledge 
and practices. Artist Eliot Kwulasultun White- 
Hill (Snuneymuxw) said (9): “It starts to un- 
ravel, in a way, people’s understanding of us as 
a hunter gatherer society ... Our relationship 
with the woolly dogs, our relationship with the 
camas patches and the clam beds, the way that 
we tended the land and tended the forests ... 
these all show the systems in place that are 
far more complex than what people take for 
granted about Coast Salish culture.” 
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The main nucleating vapor in the atmosphere is thought to be sulfuric acid (H2S0,), stabilized by 
ammonia (NH3). However, in marine and polar regions, NH3 is generally low, and H2SO, is frequently 
found together with iodine oxoacids [HIO,, i.e., iodic acid (HIO3) and iodous acid (HIO2)]. In experiments 
performed with the CERN CLOUD (Cosmics Leaving OUtdoor Droplets) chamber, we investigated the 
interplay of H2SO, and HIO, during atmospheric particle nucleation. We found that HIO, greatly enhances 
H2S0,(-NH3) nucleation through two different interactions. First, HIO3 strongly binds with H2SO, in 
charged clusters so they drive particle nucleation synergistically. Second, HIO2 substitutes for NH3, forming 
strongly bound H2S0,-HIO> acid-base pairs in molecular clusters. Global observations imply that HIO, is 
enhancing H2SO,(-NH3) nucleation rates 10- to 10,000-fold in marine and polar regions. 


erosols influence climate by acting as 
cloud condensation nuclei (CCN) and by 
scattering solar radiation. Secondary 
aerosol and CCN formation continue to 
be two of the largest uncertainties hin- 
dering accurate projection of climate change (J). 
Only a few types of vapors in the atmosphere can 
nucleate to form new aerosol particles, which 
can further grow to CCN sizes. Sulfuric acid 
(H,SO,) is considered to be the primary vapor 
(2) driving particle formation in the atmo- 
sphere of both polluted environments (3, 4) 
and pristine environments (5-7). However, as 
H,SO,-H,O binary nucleation is slow, stabilizing 


vapors, such as ammonia (NH3), amines, and 
oxidized organics, are generally needed to 
explain observed particle formation rates 
(3-11). 

In terms of radiative balance, marine clouds, 
especially low-level marine stratocumulus (72), 
are key players because they have strong long- 
wave emission and efficiently reflect solar radia- 
tion back to space. As marine cloud formation 
is often limited by low CCN number concen- 
trations, it is important to reach a comprehen- 
sive understanding of new particle formation 
in marine environments. New particle and 
subsequent CCN formation in marine regions 


methanesulfonic acid (MSA) (8, 13), aide 
NHsg (5, 14). However, a recent global survey of 
aerosol acidity suggests that global models 
substantially overestimate NH; concentrations; 
in particular, the polar atmosphere and high 
altitudes are characterized by low NH3 con- 
centrations (15). Assuming solely H2SO, nucle- 
ation, advanced Earth system models struggle 
to reproduce aerosol number concentrations 
measured by aircraft (16), leading to low con- 
fidence for estimates of aerosol radiative forc- 
ing. Iodine-driven nucleation (17-21) has not 
yet been incorporated into Earth system mod- 
els; iodine oxoacids (HIO,, x = 2 to 3 in this 
study) can drive rapid particle formation under 
low NH; conditions, and they may play an im- 
portant role in polar, marine, and free tropo- 
spheric particle formation. 

In the marine atmosphere, iodine and sulfur 
precursors emitted from the ocean surface lead 
to the formation of both H,SO, and HIO, (22). 
HIO, has generally been observed at con- 
centrations similar to or lower than H,SO,4 
(6, 18, 21, 23). Despite the higher nucleation 
potential of HIO, compared with H.SO, (8), 
iodine-driven new particle formation has hith- 
erto been considered important only in re- 
gions with considerably higher concentrations 
of iodic acid (HIO3) than of H.SO,4, such as 
coastal zones and specific regions in the Arctic 
(17, 18, 20, 21, 24, 25). However, new particle 
formation from the mixed chemical system 
HIO,-H,SO,(-NHs) has not been reported so far. 


Particle formation experiments in CLOUD 


Here we report laboratory experiments per- 
formed in the CERN CLOUD (Cosmics Leaving 
OUtdoor Droplets) chamber (5) (see methods 
in the supplementary materials for details) 
between September 2018 and December 2019 
under conditions relevant for marine and polar 
environments. We performed particle forma- 
tion experiments using HIO,-H.SO,(-NH3) va- 
pors produced from the following precursors: 
molecular iodine (I,), sulfur dioxide (SO), ammo- 
nia (NH3), ozone (O3), and water vapor (H,0). 
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Fig. 1. New particle formation from HIO,-H2S0, and HIO,-H2SO,-NH3 
at -10°C. (A and B) vapor concentrations and (€ and D) nucleation rates. Solid 
black lines show the measured nucleation rates at 1.7 nm and solid red lines 


present predicted J;7 from H2SO,4-NH3 nucleation alo 
represent vapor concentrations, and vertical gray bars 
The experiments show that the rapid nucleation rates 
the HsSO4-NH3 mechanism alone. HIO, significantly e 


nucleation at comparable HIO3 and H2SO, concentrati 


To investigate possible synergies in HIO,- 
H,SO,(-NHs) nucleation, green and ultraviolet 
light sources were used to drive photochem- 
ical production of HIO, and H,SO, from I, 
and SO». An example experiment at —10°C is 
shown in Fig. 1 and fig. S1, and at 10°C in fig. 
S2. Experiments were first performed with- 
out any added NH; [<4 parts per trillion by 
volume (pptv) contaminant level]; these are 
shown in the left-hand panels of Fig. 1 and 
figs. S1 and S2. A second set of experiments 
were performed with NH; added to the cham- 
ber (right-hand panels of Fig. 1 and figs. S1 and 
$2). At both temperatures, a significantly higher 
nucleation rate at 1.7 nm, J;7, is observed in 
the presence of HIO, than the J;,7 expected 
from H,SO,-NHs3 nucleation (5, 74), both with- 
out and with added NH3. 

In Fig. 2, we present J;,7 for the HIO,-H.SO. 
system (hollow markers) and the HIO,-H»SOx,- 
NHsz system (filled markers) at 10°C (circles) and 
-10°C (squares). The concentration ranges of 
HIO, and H,SO, closely match ambient val- 
ues, spanning from <10° cm to nearly 10° em™ 
(6, 17, 18, 20, 21, 23). We show the measured J,7 
for these mixed systems for various possible 
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ne (14). Dashed lines 
show experimental stages. 
cannot be explained by 
nhances H2SO,-NH3 

ons. The NH3 concentra- 


drivers: H,SO, (Fig. 2A), HIO; + H.SO, (Fig. 2B), 
and (HIO3z + H2SO,4) x HIO (Fig. 2C) (HIO», 
iodous acid). The data at both temperatures be- 
come progressively less scattered when plotted 
against these variables, as well as more con- 
sistent with parameterizations (14, 18). The 
H,.SO,-NH3; mechanism cannot predict the nu- 
cleation rates, even when the HIO,, concentra- 
tion is much lower than that of H,SO, (Fig. 2A). 
For instance, J;.7 at 10°C from HIO,-H»SO4 
with NH; < 4 pptv (Fig. 2A, hollow circles) is 
roughly 60 times faster than J;,7 from H2SO4 
with NH; at 4 pptv; this is as fast as nucleation 
from H,SO, with NHz at 500 pptv. Therefore, 
sub-pptv levels of HIO, are as effective at 
stabilizing H2SO, as 500 pptv of NH3. Hence, 
HIO, may replace NH; as a nucleation driver 
in pristine marine and polar environments, 
where NH concentrations are typically below 
a few tens of parts per trillion by volume or 
lower (26, 27). 

Figure 2B shows the observed J;,7 versus 
total acid concentration (HIO; + H2SO,4) and 
compares these rates to the values predicted 
by the H,SO,(-NH3) parameterizations (14), 
applying (HIO; + H,SO,) as H2SO,. The Jy, of 
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tion in (A) is below the detection limit of the H30*-CIMS (~4 pptv). An NH3 
concentration of 4 pptv is used to conservatively estimate the H2SO4-NH3 
nucleation rates in (C). The experimental conditions are 41.1 parts per billion by 
volume (ppbv) 03, 63.5% relative humidity (RH), 2.3 ppbv SOz, and 17.4 pptv 
lo [(A) and (C)]; and 40.8 ppbv 03, 62.3% RH, 1.6 ppbv SOz, and 67.2 pptv Io 
[(B) and (D)]. Stages a, c, d, e, f, and g enhanced the UVH light intensity 
(higher OH production rates), and stage b increased the green light intensity 
(higher I> photolysis rate). 


the HIO,-H,SO, system without added NH3 
(hollow markers) remains higher than the pre- 
diction for H,SO,(-NHs) nucleation. This indi- 
cates that HIO, contributes more prominently 
to nucleation than by simply increasing the acid 
concentration. Moreover, the relatively mild 
sensitivity to NH3 suggests that the base sta- 
bilization comes from another source. This is 
supported by Fig. 2C, which indicates that 
HIOz is effectively providing base stabilization 
in the molecular clusters. To further investi- 
gate the underlying mechanisms, we studied 
the molecular composition of nucleating parti- 
cles under neutral (ion-free) and charged (ion- 
induced) conditions, as described below. 


HIO2 accelerates neutral nucleation 


To measure neutral clusters, we used a nitrate 
chemical ionization mass spectrometer (nitrate- 
CIMS). The concentrations of monomers HIOs, 
H,SO,, and HIO, are presented in Fig. 3A, 
together with four product dimers in Fig. 3B. 
Although the HIO, concentration was one to 
two orders of magnitude lower than that of 
HIOz or H.SO,, the most prominent dimers, 
HIO;-HIO, and H,SO,-HIO., both contain HIOs. 
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Fig. 2. Nucleation rates of HIO,-H2S0,(-NH3) systems. Nucleation rates at H 


1.7 nm versus (A) H2SO,, (B) HIO3 + H2SOq, and (C) 


+10° and -10°C. All data points and lines show experiments carried out at 


galactic cosmic ray ionization conditions, except for the 


dynamics code (ACDC) simulations in (C) (orange band and filled diamonds), which 


represent the theoretical prediction for the neutral nucle 
The co 
mechanism fails to predict the overall nucleation rates 


lower than H2SO,. The J,7 from experiments with high H2SO, is also higher 


than that predicted by pure iodine oxoacids (18). The 
less spread when plotted against (HIO3 + H2SO4) x H 
consistent with parameterizations and ACDC predictio 


Despite HIO3-HIO, clusters having been re- 
ported before (78, 28), we believe this is the 
first observation of H,SO,-HIO, dimers. 
While HIO, enables H,SO,-HIO, dimer for- 
mation, its role in larger clusters is not clear. 
We address this with a combination of quan- 
tum chemical calculations and cluster dynam- 
ics modeling (29). We optimized the geometries 
of H,SO,-HIO,, HIO3-HIO,, and H2,SO,4-HIO;- 
HIO, clusters and calculated their formation 
free energies and evaporation rates (fig. S3). 
Clusters containing HIO, are the most stable 
and, moreover, show an exceptionally wide 
range of stable combinations of molecules. 
The cluster geometries suggest that HIO, en- 
hances H.SO, neutral nucleation in the same 
way as it does for HIO; neutral nucleation (78). 
Specifically, HIO, accepts the proton donated 
either by H,SO, or HIOs, thereby function- 
ing as a base. Furthermore, HIO, forms strong 
halogen bonds with H,SO, and HIOs, further 
enhancing the cluster stability. Clusters includ- 
ing HIO, are even more stable than H,SO,- 
DMA (dimethyl amine) clusters (fig. S3), which 
is known to cluster at the collision limit for 
sulfuric acid with only 4 pptv DMA (3). How- 
ever, the predicted neutral nucleation rates 
for the H.SO,-HIO, and HIO3-HIO, systems 
still underestimate our measured nucleation 
rates [galactic cosmic ray (GCR) conditions, 
the sum of neutral and ion-induced chan- 


or bar represents HIO3 concentration (per cubic centimeter). H2SO,-NH3 
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103 and HIO» have to be considered together with H2SO, to predict the 


(HIO3 + H2SO4) x HlO2 at — nucleation rates in this multicomponent system. H2SO4-NH3 nucleation rates 


atmospheric cluster H 


ation rates (see methods). =H 


(dotted and dash-dotted lines) are calculated following Dunne et al. (14), whereas 
10, nucleation rates (solid lines) are calculated on the basis of J;7, HIO3, and 
recalculated HIO2 from He et al. (18), applying HIOz x HlOz as (HIO3 + H2SOx) x 
102, to guide the eye. The experimental conditions for HIO,-H2SO4(-NH3) 

experiments are 38.4 to 53.2 ppbv O3, 41.9 to 75.3% RH, 0.6 to 11.2 ppbv SOz, 


, even with HIO, is much and 10.0 to 57.7 pptv lz. The NH3 concentrations for the filled squares and filled 


nucleation rates become e 
Oo, as well as more 
ns. The results show that 


other hand, the predicted HIO,-H2SO, neu- 
tral nucleation rates approximately agree with 
CLOUD observations (Fig. 2C, squares and di- 
amonds). The consistency between theoretical 
predictions and the CLOUD measurements at 
-10°C suggests that neutral nucleation domi- 
nates at this temperature, which is also indicated 
by the fact that the nucleation rates far exceed 
the ion-pair production rate limit (2 to 10 cm™ s”). 
Additionally, this suggests that the control- 
ling mechanism is indeed a synergy of three 
molecules (HIO3, H2SO,4, and HIO,) and not 
simply the combined neutral nucleation of 
any two molecules. Given that HIO, behaves 
as a base, we show in Fig. 2C our observed J,7 
versus (HIO3 + H2SO4) x HIOs. This expres- 
sion is proportional to the formation rate of the 
dimer (H,SO,-HIO, or HIO3-HIO.), which rep- 
resents the initial nucleating cluster. We find 
that the HIO,-H,SO,(-NH3) nucleation rates 
fall near the prediction from HIO, nucleation 
(Jy7 versus HIO3 x HI1O.; H2SO, is absent in 
pure iodine oxoacid nucleation, but it is added 
to the HIO; concentration given its identical 
role) (78), implying that HIO, indeed plays the 
key role as stabilizer both for HIO; and H2,SO, 
and that NH; plays a minor role. 

While the formation mechanism for HIO3 
has recently been established (22), the path- 
way for HIO, formation remains uncertain. A 
quantum chemical study provided a potential 


nels] at -10°C (Fig. 2C, orange band). On the 
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energy surface describing formation of HIO, 


2023 


circles range from 30 to 42 pptv and from 176 to 261 pptv, respectively. The 

ror bars show one standard deviation during the data selection periods. Overall 
systematic scale errors on 
the nucleation rates of a factor of 10 are not shown on the data points. 


the HIO3 concentrations of -33% and +50% and on 


from iodooxy hypoiodite, 1,0. + HO (30). We 
have extended this study with high-level quan- 
tum chemical calculations and provide a re- 
vised potential energy surface in fig. S4A. We 
also present a potential new pathway for HIO, 
formation from iodine dioxide (OIO) and the 
hydroperoxyl radical (HO.) (fig. S4B). Our cal- 
culations show that both the singlet and trip- 
let channels are exothermic. Further studies 
are needed to quantify the relative importance 
in the atmosphere of these two channels. 
Because complex reactions are involved in 
the formation of HIO; and HIOs, it is impor- 
tant to confirm that the HIO,:HIO, ratio in the 
CLOUD chamber matches ambient conditions. 
Figure S5 shows that both the ratio and ab- 
solute concentrations of HIO; and HIO, fall 
within the range measured at Mace Head (17) 
and Ny-Alesund (22), confirming that the results 
from our study are relevant to the atmosphere. 


HIO3 enhances ion-induced nucleation 


Ions can stabilize embryonic molecular clus- 
ters, leading to ion-induced nucleation (IIN) 
(5, 18, 19, 31, 32). To investigate the influence of 
ions on HIO,-H,SO, nucleation, we increased 
the ionization rate in the chamber in three steps 
at 10°C: (i) neutral (ion-free), (ii) GCR ion- 
ization (~1000 ion pairs em), and (iii) beam- 
enhanced ionization (~6000 ion pairs cm?) 
(fig. S6). Compared with neutral conditions, 
J,,7 at GCR ionization rates is enhanced by 
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Fig. 3. Neutral and charged cluster = 3 
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is dominated by charged HIO3-H2SO, [(C) 


Mass defect (Th) 


and (D)] or HIO3-H2SO4(-NHs3) [(E) 0.0- 
and (F)] cluster formation processes. 7 
HIO3-NH3 clusters are not detected, -0.24 


which suggests that NH3 has a J 
negligible effect on ion-induced HIO3 : 
cluster formation. The marker size 14 
is shown in the legend (cps, ion : 


t T + T 
JE HIO, + H»SO, + NHg at +10 


°C 


+ T + T 
LF HIo, + H»SO, + NHg at -10 


°C E 


counts per second). The experimental 
conditions are 38.5 to 43.9 ppbv 03, 0 
61.6 to 75.2% RH, 0.7 to 11.0 ppbv 

SOz, and 14.4 to 44.5 pptv lo. 


~50 times at 2 x 10’ cm™ H,SO, and 5 x 10° em? 
HIOs. As with HIO,, ion-induced HIO,-H2SO 
nucleation only occurs with negative ions (com- 
pare fig. S6A and fig. S6B). Interestingly, six 
times larger ion concentrations formed by 
the pion beam only enhance J, by a factor of 
two. This is likely because the increased ion- 
ion recombination rate, and hence the shorter 
charge lifetime, neutralizes some clusters be- 
fore they have become stable against evapo- 
ration when neutral. When NH; is added to 
the HIO,-H.SO, system, it initiates positive 
IIN that is as strong as negative IIN at -10°C 
(fig. SID). Adding NH; approximately doubles 
the overall Jy. 

To measure the molecular composition of 
charged clusters, we used an atmospheric pres- 
sure interface time-of-flight mass spectrome- 
ter. For HIO,-H,SO, IIN without NH; injection 
(Fig. 3, C and D), we observe a series of charged 
clusters with the empirical formula (HIOs),,- 
(H2S04),n-HSO, (cyan triangles), which indicate 
synergistic IIN of HIO; and H,SO,. We identify 
these clusters as (n+m+1)-mer (which include 
the ion; fig. S7). At 10°C, monomers, dimers, and 
trimers consist primarily of H.SO,, whereas 
HIOs appears in clusters starting from the tetra- 
mers and becomes equal to the H.SO, mole 
fraction already in the hexamers. At -10°C, HIO3 
appears in the dimers and becomes equal to the 
H,SO, starting with the tetramers. 
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In these experiments, the HIO3:H.SO, ratio 
in the gas phase is between 0.3 and 1.4, and the 
molar ratios of I:S in the larger clusters tend 
toward 1:1. We also know that pure ion-induced 
HIO, nucleation proceeds at the collision limit 
(8, 19) but that ion-induced H,SO, nucleation 
is slower than the collision limit (5). We there- 
fore conclude that H,SO, condensation is en- 
hanced by HIOs for a cluster stoichiometry up 
to 1:1, beyond which the net rate of H»SO, con- 
densation slows, while HIO; condensation is 
limited by the collision rate under our exper- 
imental conditions. 

We performed additional experiments in 
which NH3 was added to the HIO,-H»SOx sys- 
tem. Notably, none of the charged pure iodine 
(ie., H»SO,-free) clusters contained NH3, which 
indicates a negligible role of NH; in ion-induced 
HIO; nucleation. This was independently con- 
firmed by raising NH; from the background 
level (<4 pptv) to 100 pptv in an iodine oxoacid 
nucleation experiment without H.SO, (fig. 
S8). The measured nucleation rate at 1.7 nm 
remained constant throughout the experi- 
ment, indicating that HIO,(-HIO,) nucleation 
is unaffected by NH3. 

On the other hand, we found a set of clusters 
with the composition (H2SO,),,-(NH3),n-HSO4 
and (HIO3)n-(H2S04)m-(NH3)HSO, in the 
mass spectra of charged clusters (Fig. 3, E 


and F), similar to the clusters reported near 
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the coast of Antarctica (6). We found that NH; 
is only present in charged tetramers and above, 
consistent with its behavior in H,SO,4-NH3 IIN 
(5). The iodine and sulfur molar fraction dis- 
tributions remained unchanged after adding 
NHz to the system, likely because the HIO;- 
H,SO, negative IIN had already reached the 
collision limit (fig. S7). The presence of NH; 
only converted some of the (HIO3),.-(H2SO4)n- 
HSO, to (HIOs)n-(H2S04)m-(NH3);-HSO4 ions 
and gives rise to positive IIN (fig. S1). 


Particle growth 


Since the atmospheric concentration of HIO., 
is less than one-tenth that of HIOs, its role in 
particle growth is minor (/8). To evaluate the 
role of HIO3 and H.SO, in particle growth, we 
compare in fig. S9A our measured growth rates 
between 1.8 and 3.2 nm (GRj339) with those 
calculated assuming condensation of H,SO4 
and HIOs (8, 33) at the collision limit. The 
good agreement indicates that H,SO, and 
HIO; are the main condensing vapors driving 
particle growth (18, 33) while other iodine 
species contribute little to particle mass. We 
show in fig. S9B the measured and predicted 
particle survival probability, Jo.5/Ji.7, which 
increases at faster growth rates and approaches 
unity above growth rates of ~10 nm hour’ 
for the CLOUD chamber (2.2 x 10°? s wall loss 
rate). In the marine atmosphere, condensation 
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Fig. 4. HIO, enhancement of H2SO,-NH3 nucleation. (A) Box plot statistics of HIO3:H2SO, ratios measured 
around the globe, showing median values with 10 and 90% percentiles in the whiskers. The gray labels show 
the site name and months, with data covering >50% of the days. (B) Nucleation enhancement by HIO, is 
calculated by dividing the measured Jijio,-H,s0,—NH, to predict Jy,so,—nH, using CLOUD parameterizations (14). 
The median ratios at all sites are greater than 0.1, which infers at least a 10-fold nucleation rate enhancement 
by HIO,. The enhancement is especially pronounced in polar regions where the HIO3:H2SO, ratio is consistently 
higher than 0.1. Thin symmetric error bars represent one standard deviation during the data selection periods. In the 
experiments without NH3 injection (hollow markers), the NH3 concentrations were below the instrument 
detection limit (4 pptv), which is adopted as a conservative estimate of Ju,so,—NH,- However, the actual NH3 
concentration is expected to be below 1 pptv, as all charged clusters are essentially NH3 free (Fig. 3). The 
thick asymmetric error bars represent the systematic uncertainty assuming NH3 equals 1 pptv. The NH3 
concentrations in experiments with NHs injection (filled markers) are well measured, and thus without 
asymmetric errors. The field observation sites are summarized in the methods. 


of other compounds, such as MSA and oxi- 
dized organic molecules, can also contribute 
to early particle growth, in addition to H,SO, 
and HIO3. 


Climate implications 


Atmospheric observations show that both 
iodine oxoacid and sulfuric acid-ammonia 
nucleation can be important particle sources 
in specific regions of the pristine boundary 
layer (6, 17, 18, 20, 21). So far, HIO; and HIO, 
have been thought to be important only in 
regions where they are more abundant than 
H,SO,. In polar and marine environments, it 
is currently thought that H.SO,-NHs constitutes 
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the primary source of new particle formation, 
despite the perceived scarcity of NH3 (J5). This 
picture is challenged by our findings. Our data 
support the reverse: Hj,SO,-NH; nucleation 
plays a major role only when H,SO, is sub- 
stantially more abundant than HIO; and HIO.. 
The role of HIO, in atmospheric aerosol nuclea- 
tion may have been overlooked, as studies could 
easily be deceived by relatively higher H.SO, 
than HIO, in parts of the pristine atmosphere. 

To assess the atmospheric importance of 
HIO,-H,SO,(-NH3) nucleation, we calculated 
the J, enhancement factor [the ratio of J, 
from HIO,-H,SO,(-NHs) to that from H2SO,- 
NHz;] (4) as a function of the HIO;:H,SO, 
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concentration ratio (Fig. 4B). The enhance- 
ment factors are large, ranging from 10 to 10* 
for atmospherically relevant HIO3:H2SO, ra- 
tios. Even when the HIO3:H,SO, ratio is 0.1, 
the enhancement factor is 10. Observations at 
marine and polar sites from the North Pole to 
Antarctica show median HIO3:H,SO, ratios 
larger than 0.1 (Fig. 4A), implying that syn- 
ergistic HIO,-H.SO,(-NH3) nucleation may 
have global importance and yet has hitherto 
been overlooked. This conclusion is supported 
by our calculations of sulfuric acid nucleation 
enhanced by HIO,, which are shown in fig. 
$10. At -10°C, which is representative of the 
marine free troposphere, fast nucleation rates 
of up to 10 cm ® s ‘are estimated for ambient 
acid concentrations. The pronounced temper- 
ature dependence of HIO,-H2SO,(-NH3) nu- 
cleation that we find in our study may help 
explain why nucleation in the marine bound- 
ary is rarely observed, whereas nucleation is : 
frequently found in the free troposphere or the 
upper marine boundary layer after passage of 
a cold front (23, 34, 35). 

New particle formation from HIO,-H2SO, 
has notable implications for the future cli- 
mate. Iodine oxoacids may enhance CCN and 
cloud formation in the Arctic (20), which would, 
in turn, affect both long- and shortwave radia- 
tive forcing at the surface (36). The absence 
of iodine oxoacid nucleation mechanisms in 
climate models may help explain why they 
systematically underestimate the CCN number 
concentration around the coast of Antarctica 
(37, 38). Iodine has also been observed in both 
gas and particle phases in the polar and ma- 
rine free troposphere and the upper tropo- 
sphere and lower stratosphere (39, 40). These 
regions are characterized by low temperatures 
and extremely low NH; concentrations (/5), 
conditions that strongly favor HIO,-H»SO4 
or pure HIO, nucleation over H,SO4-NH3 nu- 
cleation. While global anthropogenic SO» 
emissions continue to fall as a result of emission 
policies, iodine emissions have tripled since 
the 1950s, and this trend continues (41, 42). 
As a result, nucleation mechanisms involv- 
ing iodine oxoacids are anticipated to become 
even more important in future. To sharpen the 
understanding of marine aerosol-cloud radia- 
tive forcing, it is important that representa- 
tions of new particle formation in global 
climate models now include iodine oxoacids 
together with sulfuric acid. 
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PLANT OPTOGENETICS 


Light-gated channelrhodopsin sparks proton-induced 
calcium release in guard cells 


Shouguang Huang", Like Shen’, M. Rob G. Roelfsema’, Dirk Becker’, Rainer Hedrich'* 


Although there has been long-standing recognition that stimuli-induced cytosolic pH alterations 
coincide with changes in calcium ion (Ca**) levels, the interdependence between protons (H*) 

and Ca2* remains poorly understood. We addressed this topic using the light-gated channelrhodopsin 
HcKCR2 from the pseudofungus Hyphochytrium catenoides, which operates as a H* conductive, 

Ca** impermeable ion channel on the plasma membrane of plant cells. Light activation of HcKCR2 in 
Arabidopsis guard cells evokes a transient cytoplasmic acidification that sparks Ca** release from 
the endoplasmic reticulum. A H*-induced cytosolic Ca®* signal results in membrane depolarization 
through the activation of Ca?*-dependent SLAC1/SLAH3 anion channels, which enabled us to 
remotely control stomatal movement. Our study suggests a H*-induced Ca* release mechanism in 
plant cells and establishes HcKCR2 as a tool to dissect the molecular basis of plant intracellular 


pH and Ca”* signaling. 


ukaryotes move protons across their mem- 

branes to support energy production and 

control cytosolic pH. The regulation of 

intracellular pH in living organisms is a 

complex process that involves the inter- 
action of proton (H*) membrane transport, 
cytosolic buffering, and cellular reactions that 
produce and consume H*. In contrast to that 
of animal cells, the extracellular pH of plant 
cells is quite acidic. Plasma membrane-bound 
H*-adenosine triphosphatases (H*-ATPases) 
create a 10- to 100-fold H* gradient. The in- 
flux of H* that leads to cytosolic acidification 
is thought to have intracellular signaling func- 
tions because H* can move and carry out re- 
sponses within the cell before being neutralized 
(1, 2). However, it remains unclear how H* 
triggers these functions. Accumulating evidence 
has shown that variations in cytosolic [H*] 
(pH yt) greatly affect cytosolic Ca?* concentra- 
tion and Ca’* signaling (3-6). Correlations 
have been observed between Ca”* signals and 
pH dynamics during developmental processes, 
such as the growth of pollen tubes and root 
hairs (7-9). Furthermore, cytosolic Ca?" sig- 
nals and pH dynamics both reach their peaks 
simultaneously and exhibit synchronous changes 
in response to exogenous adenosine triphos- 
phate (ATP), auxin, and mechanical stimula- 
tion (J0). Nevertheless, most approaches used 
in plants to manipulate intracellular pH rely 
on chemical clues that are invasive in nature 
and often act with a delay, making it difficult 
to localize and separate pH and Ca” signals 
in real time. Although the light-driven out- 
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ward proton pump Archaerhodopsin (ArchT) 
has proven effective in altering intracellular 
pH dynamics in mammalian cells (1J), its 
application in plant cell pH manipulation is 
hindered by the need for consistently high 
light intensity and the relatively slow H* trans- 
port. As a result, our knowledge about how 
H’* affects Ca?* signals in plant cells remains 
rather limited. 

The long-sought natural K*-conducting chan- 
nelrhodopsins (KCRs) have been discovered in 
stramenopile protists. Among them, light-gated 
HAcKCR1 and HcKCR2 from the pseudofungus 
Hyphochytrium catenoides were identified as 
K*- and H*-permeable but Ca”*-impermeable 
channels (12-14). Though both HcKCR1 and 
HAcKCR2 can serve as potential optogenetic 
tools for manipulating cytosolic pH in plant 
cells, the specific activation spectrum of HcKCR2 
makes it more practical when combined with 
genetically encoded fluorescent indicators (74). 
In this study, we used the blue-shifted HcKCR2 
to trigger spatially and temporally defined H* 
signals and to monitor rapid downstream re- 
sponses in Arabidopsis guard cells. Thereby, we 
uncovered a cause-and-effect relationship be- 
tween H* and Ca”* release in guard cells. 


HcKCR2 operates as a light-gated proton 
channel in planta 


Although HcKCRs have been shown to exhibit a 
high H*/K* permeability ratio (about 3 x 10°), 
they operate as K*-conducting, Ca?*-impermeable 
channels under neutral extracellular pH con- 
ditions, which are typical for animal cells (fig. 
S1, A and B) (12-14). However, the plant extra- 
cellular space is acidic and has a K* concentration 
that ranges from micromolar to submillimolar 
levels (15, 16). To simulate these plant settings 
in Xenopus oocytes, we reduced the external 
K* concentration to 1 mM and decreased the 
pH to 3, thus providing equal molar concen- 
trations of K* and H*. Under these conditions, 
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@ 
light- and voltage-induced HcKCR2 inv Chee 
currents reversed direction around 0 mV... fi 
SIC). Lowering the H* concentration from pH 3 
to 6 in the bath shifted the reversal potential 
by more than -120 mV (fig. S1, C and D). This 
indicates that HcKCR2 inward currents—under 
plant-like physiological conditions—are carried 
by H*. This characteristic makes HcKCR2 a 
useful tool for studying the causality of H* in- 
flux and cytosolic pH changes in plant Ca?* 
signaling. 

To test whether HcKCR2 is functional in plant 
cells, an enhanced yellow fluorescent protein 
(eYFP)-tagged HcKCR2 or control construct was 
transiently expressed in Nicotiana benthamiana 
leaves. After 48 hours, eYFP fluorescence was 
detected at the plasma membrane of HcKCR2- 
expressing mesophyll protoplasts derived by 
enzymatic digestion of leaf samples (fig. S2A). 
With the patch-clamp technique in the whole- 
cell configuration, blue-light stimulation provoked . 
macroscopic currents in HcKCR2-expressing 
mesophyll protoplasts but not in controls (fig. 
82, B to D), indicating proper targeting and 
functional activity of this channel in plant cells. 


HcKCR2 induces cytosolic H* and Ca2* 
transients in guard cells 


To use the light-gated H* channel HcKCR2 as a 
tool to noninvasively manipulate the cytosolic 
pH of plant cells, we stably coexpressed the 
channel along with the genetically encoded pH 
reporter pHuji (77) in the model plant Arabidopsis. 
Arabidopsis plants expressing HcKCR2 were 
grown under red-light conditions and ex- 
hibited a similar phenotype as control plants 
or plants expressing Guillardia theta anion 
channelrhodopsin 1 (GtACR1) (fig. S3). We 
focused our HcKCR2 study on stomatal guard 
cells because the regulation of plasma mem- 
brane ion channels in response to pH and Ca?* 
signals is known to a great extent in this cell 
type (3-6). After 0.1-, 1.0-, and 5-s light pulses, 
we observed transient changes in pHuji flu- 
orescence, which reflects pronounced cyto- 
solic acidification of guard cells (Fig. 1, A and 
B, and movie S1). The amplitude of the pH re- 
porter signal was saturated at approximately 
1 mW/mm? (fig. S4A) and was proportional 
to the duration of the light pulse (Fig. 1, B and 
D). We estimated the HcKCR2-triggered cyto- 
solic pH changes based on an in vivo calibra- 
tion of the pHuji sensor (fig. $5). Stimulations 
as short as 1 s provoked pH transients on the 
order of 0.2 pH units that lasted for more than 
100 s (Fig. 1B). 

To address the long-standing question of how 
H’ affects Ca?* signals in plant cells, we tested 
if the light-imposed pH changes could pro- 
voke cytoplasmic Ca?" signals by coexpressing 
HcKCR2 with the Ca?* reporter R-GECO] (J8). 
After light stimulation, a cytoplasmic H* burst 
triggered biphasic Ca** signals in guard cells 
expressing HcKCR2 but not in control cells 
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Fig. 1. Cytosolic acidification 
triggers a Ca** transient in guard 
cells. (A) Pseudo-color images 
indicating the cytosolic pH (left 
column) and Ca?* concentration 
(right column) in HCKCR2-expressing 
Arabidopsis guard cells. During the 
experiment, the cells were stimulated 
with a 1-s blue-light pulse at 55 s. 
Scale bars are 5 um. See also 
movies S1 and S2. (B and €) Time- 
dependent changes in pHuji (B) or 
R-GECO1 (C) signals in HcKCR2- 
expressing guard cells in response 
to 0.1, 1-, and 5-s blue-light pulses 
(indicated by the increasing thick- 
ness of the blue bars above the 
traces). Note that the R-GECO1 
curves are interrupted at the time 
period of blue-light stimulation. The 
double slashes on the graph represent 
10 min. Error bars show SEM. (n = 
9 stomata for pHuji, n = 8 stomata 
for R-GECO1). F/Fo, ratio of time- 
dependent fluorescence to fluores- 
cence at the start of the experiment. 


pH5 


(D and E) Average change in pHuji 
(D) and R-GECO1 (E) signals in 
HcKCR2-expressing guard cells 
provoked by blue-light pulses of 0.1, 
1, and 5 s. Error bars show SEM 

(n = 9 to 12 stomata for pHuji, and 
n = 9 or 10 stomata for R-GECOI). 
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stimulated with a 1-s blue-light pulse (blue bars). The curves of the R-GECOI signals are interrupted during the time period of blue-light stimulation. Error bars show SEM (n = 6 to 
10 stomata for pHuji, and n = 5 to 12 stomata for R-GECO1). (I and J) Average change in pHuji (1) and R-GECO1 (J) signals in HCKCR2-expressing guard cells at extracellular 
pH 5, 6, and 9 and at pH 6 with 100 mM KCI (as indicated by the x axis). Error bars show SEM (n = 6 to 10 stomata for pHuji, and n = 5 to 12 stomata for R-GECO1). 


(fig. S6A). We propose that the initial fast Ca?* 
signal is likely triggered by a fast membrane 
potential swing because the anion-conducting 
channelrhodopsin GtACR1 (19) also produced a 
comparable initial Ca?* response but did not 
elicit a delayed, poststimulation Ca”* signal typ- 
ical of HcKCR2 (fig. S6B). We thus focused on 
this HcKCR2-specific, delayed Ca?* signal and 
studied its interrelation with the H™ signal. In 
HAcKCR2-expressing guard cells, the delayed tran- 
sient rise in Ca** had a lag time of approximately 
30 s relative to the cytosolic acidification (Fig. 1, 
B and C). Specifically, H* and Ca”* transients 
reached their peak amplitudes after 1 and 60 s 
upon 0.1s of blue-light stimulation, respectively 
(Fig. 1, B and C, and movies S1 and S2). This 
behavior indicates that guard cells operate an 
H’*-induced Ca?" release system. When the dura- 
tion of the blue-light pulse was increased from 
0.1 to Lor 5 s, cytoplasmic acidification increased 
in proportion to the duration of the light pulse 
(Fig. 1, B and D). Additionally, the initial slope of 
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the Ca”* rise became faster (Fig. 1C and fig. $7). 
By contrast, an increase in the amplitude of the 
Ca?* signal was observed only when the blue- 
light duration was extended from 0.1 to 1 s, 
whereas prolonging the duration to 5 s did not 
further increase the Ca”* signal (Fig. 1, C and E). 

To test for H*-induced Ca”* release in guard 
cells, we increased the pH from 5 to 6 or 9 (Fig. 
1, F to H). As a result, the amplitude of the H* 
transient followed the changes in H* gradient. 
However, the peak of the Ca”* transients re- 
mained unchanged when recorded at pH 5 or 
6 (Fig. 1, F and G). This resembles the all-or- 
nothing Ca”* signal in response to 1 to 5 s of 
blue-light stimulation (Fig. 1, C to E). When 
guard cells were subjected to HcKCR2 stimula- 
tion at pH 9, neither a H* nor a Ca”* transient 
was observed (Fig. 1, H to J), indicating that 
the H* influx is essential and sufficient to pro- 
voke the Ca”* transient. This conclusion is 
further corroborated by the observation that a 
100-fold increase in external K* at pH 6 has no 
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significant effect on the H*-induced Ca?* tran- 
sient (Fig. 11 and fig. S8). 


H* influx triggers Ca?* release from the 
endoplasmic reticulum in guard cells 


Having shown that HcKCR2-induced pH tran- 
sients rely on the H*-rich extracellular matrix, 
we next asked whether the HcKCR2-induced 
Ca?* transient is of extracellular or endogenous 
origin. To explore the first possibility, we added 
1 mM of the Ca”* chelator EGTA to the extra- 
cellular medium. When compared with use of 
the standard media that contained 1 mM Ca”*, 
use of EGTA modified media resulted in deple- 
tion of the inward Ca”* gradient, which affected 
the Ca?* amplitude by about 20% (Fig. 2, A, B, D, 
and E). Considering the observed delay in the 
H*-induced Ca* response (Fig. 1, B and C), we 
speculated that H* ions potentially traverse a 
short distance to target an endogenous Ca”* store. 
We thus tested if the endoplasmic reticulum 
(ER) is the potential Ca?* store that is modulated 
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Fig. 2. Cytosolic acidification 
releases ER Ca”* in guard cells. A 

(A to C) Impact of pharmaceutical | 
treatment on blue light-induced 
pHuji (top) or R-GECO1 (bottom) 
signals in HCKCR2-expressing 
guard cells. Cells were recorded in 
control bath solution (A), in a 
solution with no Ca** but with 

1 mM EGTA (B), and in a solution 
with 20 uM CPA (C). Each treat- 
ment was followed by illumination 3 
with a 1-s blue-light pulse (blue bars). 
The curves of the R-GECOI signals 
are interrupted during the time 
period of blue-light stimulation. 
(D and E) Average change in pHuji 
(D) or R-GECO1 (E) signals in 
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HcKCR2-expressing guard cells 

exposed to control solution, 

a solution without Ca** but with 

EGTA, or a solution with CPA 

(as indicated by the x axis). Error EF 
bars show SEM. (n = 7 to 9 stomata 
for pHuji, and n = 9 to 13 stomata 
for R-GECO1). P values were 
determined with a Student's t test. 
(F) Current injection of H* into guard 
cells expressing calcium sensor 
ER-GCaMP-210. False-color images 
depict the response of guard cells 
to a 100-s voltage pulse, which 
changes the membrane potential 
from -100 to -20 mV, resulting in 
the injection of H* into the cytosol. 
The tips of one of the capillaries in a 
double-barreled electrode were 
filled with pH buffers at pH 7 
(control), 6, and 5. Red triangles 
indicate the guard cells loaded 
with H*. Scale bars are 5 um. 
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by HcKCR2. When guard cells were challenged 
with 20 uM cyclopiazonic acid (CPA), an inhibi- 
tor of the ER Ca?*-ATPase isoforms (20), the ER 
Ca?* pool was slowly depleted. However, cyto- 
solic Ca?* concentration remained unchanged 
(fig. S9), which might be attributed to the smaller 
size of the guard cells’ cytoplasm compared with 
that of root cells (22) and, as a result, a relative 
higher activity of guard cell plasma membrane 
Ca?*-ATPases. Next, we studied the impact of 
CPA on blue light-induced Ca”* transients in 
HAcKCR2-expressing guard cells and found that 
the Ca?" signal was suppressed (to 17%) compared 
with that in control cells, whereas the pH signal 
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remained unaffected (Fig. 2, C to E, and fig. S10). 
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P-210 signal in response to current injection of H*, as described in (F). The orange bar indicates the period during which H* was current-injected. 
Error bars show SEM. (n = 5 guard cells for pH 7, and n = 4 guard cells for pH 6 and 5). (H and I) Time course of average pHuji (H) and R-GECO1 (I) signals in 
HcKCR2-expressing guard cells exposed to repetitive 1-s blue-light pulses (blue bars). The double slash indicates a 15-min interval. The curve of the R-GECO1 signal 
is interrupted during the time period of blue-light stimulation. (J and K) Average change in pHuji (J) and R-GECO1 (K) signals in HcCKCR2-expressing guard cells, 


ber is indicated on the graph. Error bars show SEM (n = 8 stomata for pHuji, and n = 9 stomata for R-GECO1). 


To test if HcKCR2-mediated cytosolic acidifica- 
tion indeed initiates Ca?* release from the ER, we 
equilibrated the guard cells’ cytosolic pH with ex- 
ternal ammonium acetate and iontophoretically 
loaded H* into the guard cells’ cytosol. In both 
cases, we observed H*-induced Ca”* release from 
the ER (Fig. 2, F and G, and fig. S11). Together, 
our findings indicate that HcKCR2 targets a 
Ca?* store that is pH and CPA sensitive. 
Given that Ca** refilling of the ER by ATPases 
is slower than channel-mediated Ca”* release, 
we assumed that repetitive H*-induced Ca?* 
release through HcKCR2 stimulation will even- 
tually lead to Ca?* depletion. We challenged this 
hypothesis by subjecting HcKCR2-expressing 
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guard cells to repetitive blue-light pulses. Con- 
secutive stimulation with 1-s blue-light pulses 
every 6 min did not affect the amplitude of the 
H* transient but caused a stepwise drop in the 
Ca** signals (Fig. 2, H to J). After a 15-min recov- 
ery period, however, another blue-light stim- 
ulation again triggered a strong Ca”* signal 
(Fig. 2, land K). Taken together, our guard cell 
data suggest that H* influx triggers Ca”* release 
from the ER store, leading to store depletion. 


HcKCR2-assisted guard cell excitation allows 
remote control of stomatal movement 


To answer the question of how the H*-induced 
Ca?* transient contributes to guard cell action, 
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we used intracellular electrodes to monitor the 
effect of HCKCR2 on membrane potential. Blue- 
light stimulation for 0.1 s in HcKCR2 guard 
cells led to an instantaneous membrane de- 
polarization from a resting potential of -140 
to -35 mV; conversely, control cells remained 
electrically silent (Fig. 3, A and D). After this 
initial response, the membrane potential first 
recovered by approximately 20 mV before en- 
tering a second extended depolarization phase 


Fig. 3. Activation of guard cell A 
endogenous anion channels 

by HcKCR2 enables light- S | 
controlled stomatal movement. = _120 | 
(A) Membrane potential response = W | | 
to 0.1-s blue-light pulses 
measured in guard cells of control 
(top), HcKCR2-expressing WT 
(Col-O/HcKCR2; middle), and 
HcKCR2-expressing slacl/slah3 
mutant (slacl/slah3/HcKCR2; 
bottom) leaves. The double 
slashes on the x axis indicate 
8-min intervals. (B) Plasma mem- 
brane currents evoked by 0.1-s 
blue light pulses in guard cells of 
control (top), Col-O/HcKCR2 
(middle), and slacl/slah3/HcKCR2 
(bottom) clamped at -150 mV. 
Em, plasma membrane potential; 
In, plasma membrane current. 

(C) Expanded current trace of a 
Col-O/HcKCR2 guard cell that was 
stimulated with a 0.1-s blue-light 
pulse. Red and black arrows 
indicate the initial fast photocurrent 
and the slow anion current, 
respectively. (D) Average initial 
and postdepolarization values for 
guard cells provoked with 0.1-s 
blue-light pulses. Error bars show 
SEM (n = 7 to 14 guard cells). 

(E) Mean values of photocurrent 
(initial) and slow-activating anion 
currents (post) for guard cells 
provoked by 0.1-s blue light pulses. 
Error bars show SEM (n = 5 or 

6 guard cells). (F) Representative 
images of control, Col-O/HcKCR2, 
and slacl/slah3/HcKCR2 stomata, 
obtained before, during, and after a | 
train of green-light (GL) pulses 

(duration: 0.5 s; interval: 30 s; 

power density: 0.16 mW/mm’), as 
depicted above the traces in (G). 

See also movie S3. (G) Time course 

of stomatal movement in control, 
Col-O/HcKCR2, and slacl/slah3/ 


-40 4 


HcKCR2 
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lasting more than 70 s, which was not detected 
in GtACR1-expressing guard cells (22). This 
demonstrates that HcKCR2 postdepolarization 
electrical signals are not caused by the initial 
membrane depolarization but by cytoplasmic 
H* and/or Ca”* transients, which may activate 
endogenous plasma membrane ion channels. 
We have previously shown that guard cell cy- 
tosolic Ca** signals activate S-type anion chan- 
nels SLAC1 and SLAH3 (6, 23). Consequently, 


we investigated the potential role of H*-induced 
Ca”* signals in activating guard cell anion chan- 
nels. In contrast to wild-type (WT) guard cells, 
the postdepolarization was completely lacking 
in guard cells that do not express either SLAC1 
or SLAH3 (slacI/slah3 mutant) (Fig. 3, A and D), 
supporting the idea that anion channels con- 
tribute to the poststimulus depolarization phase. 

Guard cells do not share plasmodesmata with 
their neighbors in the leaf epidermis. Therefore, 
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HcKCR2 leaves, which were stimulated with a train of green-light pulses, as indicated in the graph. Error bars show SEM. (H) CPA inhibits green light-induced stomatal 
closure in HcKCR2-expressing plants. Eight pulses of green light (duration: 0.5 s; interval: 30 s; power density: 0.16 mW/mm*) were applied to the leaf discs treated 

with or without 100 uM CPA. Error bars show SEM. (I) A schematic model for H*-induced Ca** release in guard cells. Blue light activates HcKCR2, triggering H*-induced Ca** 
release from the ER, which sequentially leads to the activation of anion channels SLAC] and SLAH3 and guard cell outward-rectifying K* channel (GORK). Consequently, 
anion and K* efflux causes guard cell shrinkage and stomatal pore closure. ADP, adenosine diphosphate. 
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ion currents can be recorded in individual 
guard cells in the voltage-clamp configura- 
tion (24, 25). The blue light-induced HcKCR2- 
dependent depolarization event in guard cells 
is mirrored by an underlying ion current pro- 
file that is uncovered under voltage-clamp con- 
ditions. Light stimulation of single guard cells 
provoked a transient inward photocurrent me- 
diated by HcKCR2-dependent H* influx (Fig. 3, 
Band C). Magnification of early events docu- 
ments that photocurrent (H* current or H* 
spark) merged with an emerging S-type anion 
current transient, which reached its peak after 
10 s and then decayed within 70 s (Fig. 3C). In 
line with membrane potential measurements, 
blue light induced transient photocurrents but 
not anion currents in the slacI/slah3 mutant 
(Fig. 3, B and E). 

Because SLAC1 and SLAH3 are targets of 
H*-induced Ca?* transients and are key to pro- 
longed guard cell depolarization (Fig. 3, A to 
E), we tested the potential of HcKCR2 as a tool 
for remote-controlling stomatal movement. 
To investigate stomatal action, we used green 
light to activate HcKCR2 because guard cells 
are less sensitive to green light than to blue 
light (26). When intact Arabidopsis leaves were 
challenged by 0.5-s green-light pulses every 
30 s, the stomata of control plants remained 
open throughout the course of the experiment, 
whereas in HcKCR2-expressing WT plants, 
stomatal closing was initiated in 2 min and 
completed in less than 10 min (half-time 4.5 min) 
(Fig. 3, F and G, and movie $3). HcKCR2 stim- 
ulation in the slaci/slah3 mutant, however, 
did not result in stomatal closure (Fig. 3, F and 
G). Given that CPA inhibition of ER Ca?* pumps 
prevented HcKCR2-mediated Ca”* release from 
endogenous stores (Fig. 2C) and suppressed 
action potentials and Ca”* signaling in the 
Venus flytrap (27), we finally asked if CPA blocks 
stomatal action. Indeed, when HcKCR2 WT 
Arabidopsis leaves were pretreated with CPA, 
green-light pulses did not induce stomatal clo- 
sure (Fig. 3H). Taken together, these findings 
indicate that HcKCR2-mediated stomatal clo- 
sure involves Ca”* release from CPA- and H*- 
sensitive ER Ca?* stores, which activate the 
SLAC1 and SLAH3 anion channels. 


Discussion 


Busa and Nuccitelli highlighted the interdepen- 
dence of intracellular pH and Ca?* concentration 
in various cell types (28). However, subsequent 
research in the animal field has yielded con- 
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tradictory findings, with some authors sug- 
gesting that an increase in cytoplasmic Ca”* is 
caused by a reduction in cellular pH and others 
proposing that it is due to an increase in pH (J). 
Similarly, studies in plants have also produced 
inconsistent results regarding pH-dependent 
Ca?* signaling (3-5, 9, 10, 29). In this study, we 
optically controlled plasma membrane H* in- 
flux with HcKCR2 and elucidated a H*-induced 
Ca?* release mechanism from the ER in guard 
cells. Now, a fundamental question remains: 
How does cytosolic acidification lead to an all-or- 
nothing Ca”* transient? Although the mechanism 
of ER Ca’ sourcing in response to cytoplasmic 
acidification in plant cells remains elusive, 
studies in animal systems have documented the 
impact of pH on spontaneous Ca?* release from 
intracellular Ca?* stores (30, 32). Bax inhibitor-1 
(BI-1), which is present in both animal and plant 
ER, serves as a pH-sensitive Ca”* channel. A neu- 
tral pH (pH 7) facilitates the channel opening, 
whereas both lower and higher pH values result 
in channel closure (32-34). In plant cells, activa- 
tion of HcKCR2 by blue light causes a drop in pH 
of the cytosol, which may spark Ca”* release from 
the ER (Fig. 31). On the basis of these features, 
BI-1 emerges as a promising candidate for fu- 
ture investigations aimed at identifying the H*- 
sensitive ER Ca?* channel. Further, the recently 
identified ER-localized Ca?* channel WeiTsing 
(WTS) could also be a potential candidate (35), 
although its pH sensitivity has yet to be exam- 
ined. We cannot rule out that HcKCR2-mediated 
cytosolic pH changes may influence H* or cation 
Ca?* exchanger transport activity on the ER 
membrane (J0, 36). However, considering the 
rapid onset of the cytosolic Ca** transient (fig. $7), 
we favor the involvement of a H*-sensitive, Ca?*- 
permeable, ER-located ion channel. 

Our data unequivocally demonstrate that 
HAcKCR2 serves as a tool for remote-controlling H* 
and Ca”* signaling and suggest a causal relation- 
ship between H* and Ca" signaling in guard cells. 
Finally, by leveraging the distinctive properties 
of specific channelrhodopsins, we may broaden 
our understanding about the resilience of plants 
toward changing environmental conditions. 
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Erratum 


Erratum for the Research Article “Agriculture and hot temperatures 
interactively erode the nest success of habitat generalist birds across the 
United States” by K. S. Lauck ef al. 


In the Research Article “Agriculture and hot temperatures interactively erode the nest success of habitat 
generalist birds across the United States,” the effect sizes were mistakenly calculated using the extremes of the 
maximum temperature anomaly distribution. The effect sizes are now correctly calculated using 2 SDs above 
and below the maximum temperature anomaly mean, as described in the main text and methods. The 
correction does not change the paper’s conclusions. 
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A challenging move 


ow do you like your new postdoc?” It was a seemingly innocuous question from a former co- 
worker I met at a conference. But answering it honestly was a challenge. The reality was that 
5 months into my postdoc, I was feeling increasingly despairing as my family faced obstacles 
adapting to life in a new country and I struggled to get my project off the ground. I ended up 
responding evasively, briefly mentioning a few positive aspects of my new position. But the 
question was a turning point: I realized my situation wasn’t sustainable and that I needed to 
figure out better ways to cope with the aftermath of our international move. 


I had done my Ph.D. in my home 
country of Switzerland. Toward the 
end of my program, I told my wife 
that if I wanted to pursue an academic 
career, we would probably have to 
move abroad. She was enthusiastic. 
She could do her job remotely and had 
always wanted to live in another coun- 
try. We also liked the thought of giving 
our two young daughters an opportu- 
nity to be immersed in another lan- 
guage. So, when I was offered a dream 
postdoc in the United States, we were 
all excited about this new chapter in 
our lives. 

We expected a big change, but not 
the seismic shift that met us upon 
our arrival. We had to move between 
temporary accommodations before 
we found a more permanent home, all 
while rebuilding a household’s worth 
of items from scratch. We hadn’t vis- 
ited the U.S. before, so our family struggled with the cultural 
transition and disappearance of our usual Swiss routines— 
letting our kids walk to school on their own and play in the 
backyard unsupervised. Our cherished support network of 
friends and family were also an ocean away, and hiring a 
babysitter wasn’t viable because of budget constraints and 
our kids’ aversion to another unfamiliar face. 

The stress bled into my work life. I found that I couldn’t 
put in the number of hours I wanted to. This was a problem 
because I had to learn new measurement techniques for my 
postdoc and build an experimental setup. I also spent a sig- 
nificant amount of time working on unfinished projects from 
my Ph.D., which was demanding and left me feeling guilty 
for not devoting myself fully to my postdoc. 

I was determined to succeed at work and at home. So, I 
pushed myself harder and harder, rarely taking the time 
I needed to recharge. This overly ambitious plan failed and 
my perspective darkened, leaving me exhausted and feeling 
like a failure. 


“We expected a big change, 
but not the seismic shift that 
met us upon our arrival.” 


After finding I couldn’t honestly tell 
my former colleague that I was having 
a positive postdoc experience, I talked 
to a counselor to get to the bottom of 
my struggles. I learned that I shouldn’t 
be so hard on myself; moving across 
continents with a family and starting 
a new project were inevitably going to 
be difficult. That helped me view my 
work more objectively and not com- 
pare myself with others in my lab, who 
seemed to be making faster progress 
than I. To convince me to go easier on 
myself, the counselor advised jokingly, 
“Be more like Trump,” alluding to the 
former U.S. president’s tendency to de- 
flect blame away from himself. 

My counselor also encouraged me 
to share my struggles with my super- 
visor. I set up a meeting and revealed 
my guilt over sometimes prioritizing 
old projects and my frustration with 
the slow progress of my postdoc work. He was empathetic, 
which relieved a lot of pressure. He told me many postdocs 
encounter similar challenges and offered me an extended 
time off to recharge my batteries. 

At home, my wife and I also worked on our social net- 
work to battle isolation. I joined university workshops and 
my wife took English lessons that allowed us to expand our 
social circles. We both scheduled regular video calls with our 
friends back home to reconnect and share struggles. And we 
transformed our family time to focus more on fun activities 
such as traveling and camping. 

Juggling work and my home life is still challenging at 
times, as is living in a new country. But I’m in a better place 
now. As I continue to push forward in my career, my fam- 
ily and I will surely encounter other tough transitions. But 
next time, we’ll be better equipped, with more strategies to 
deal with the challenges. ® 


Adrian Beckert is a postdoc at the California Institute of Technology. 
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